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ABSTRACT

The effect of state of stress on shear wave velocity

was examined for shear waves propagated as body waves through a

sand mass. Testing was performed in a triaxial device,

which was designed to hold a cubic soil sample measurinW 7 ft

(2.1 m) on a side and which was used to apply an isotropic, biaxial

or triaxial state of stress to the sample. The triaxial device

is essentially a steel box, constructed of reinforced steel, which

uses rubber membranes to apply a confining pressure along each of

the principal axes of the cube. Dry sand was placed in the cube

for this initial testing program.

Shear waves were propagated along the principal axes of

the cube over the pressure range from 10 to 40 psi (68.9 to 276 kPa).

Shear wave particle motion was monitored by three-dimensional

accelerometers embedded in the sand. Stress cells and strain

sensors were also embedded in the sand mass to examine stress-

strain properties of the sand for the applied loading. All wave

testing was performed at low-amplitude strains and at wave

frequencies less than 2400 Hz. Therefore, it was assumed that

the shear modulus was rate independent in this study.

Based on the results of this study, shear wave velocity

was found to depend about equally on the principal stresses in the

q ,

2
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direction of wave propagation and particle motion and was determined

to be relatively independent of the principal stress in the ouL-o.-

plane direction (the direction in which no shear wave particle

motion octurs). As a result, the typical procedure of relating

shear wave velocity to the mean effective principal stress is not

correct, since the mean effective stress involves all three of the

principal stresses. Stress history was found to have no significant

effect on shear wave velocity for this sand. Structural anisotropy

was found to cause vp to an 18 percent variation in shear wave

velocity, with velocities apparently grouped according to planes

of motion, the plane determined by the direction of wave propagation

and particle motion.

LI
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CHAPTER ONE

INTRODUCTION

Shear and compression wave velocities of soils are often

obtained from field testing or laboratory measurements. Once

velocities are determined, shear and Young's moduli of the soil are

calculated. These soil moduli are used in dynamic soil-structure

interaction analyses for small-strain problems such as machine

foundations, or as reference levels for larger-strain problems such

U as earthquake shaking or blast loading. A thorough understanding

of the inter-relationship between wave velocity and state of stress

is, therefore, required for the prediction of ground response

under dynamic loading. The relationship of wave velocity in soil

with isotropic confinement has been examined in depth. However

there has been little research, until very recently, investigating

the effect of biaxial and triaxial states of stress on the propa-

gation velocity of shear and compression waves in soil.

This study was undertaken to determine the effects on shear

and compression wave velocities of the general state of stress in

soil. This knowledge is required for the proper analysis of

measurements from laboratory and field seismic testing. In addition,

V understanding in situ wave behavior is necessary in the modeling

of dynamic soil behavior, and it may be of value in the estimation

U4
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of initial states of stress in soil. The portion of the study

presented herein focuses on the effect on shear wave velocity of

state of stress. That portion of the study dealing with compression

wave velocity may be found in Kopperman et al (1982).

The study of the relationship between propagation

velocity of body waves and state of stress in soil was conducted

in a large-scale triaxial testing device. The triaxial device was

designed and constructed by Mr. Kopperman and the writer for this

study and was the subject of much effort in the task of preparing

the device for operation. The triaxial device is essentially a cube

structure constructed of reinforced steel which was designed to

hold a cubic soil sample measuring 7 ft (2.1 m) on a side.

Rubber loading membranes were oriented along the three principal

planes of the cube, between the soil and three mutually perpendi-

cular walls of the cube. The membranes were hydraulically pres-

surized to attain an isotroipc, biaxial, or triaxial state of

stress. Compression and shear waves were generated along each

principal axis of the cube, with wave motion monitored by accelero-

meters embedded in the sand mass. Stress and strain measurement

equipment were also embedded in the sand sample to determine stress-

strain properties under the applied confinement. The design

and construction of the triaxial device (referred to as the cube)

is briefly summarized in Chapter 3 and is discussed in detail in

Appendix A.
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An initial series of wave propagation tests was performed

as part of this research on one sample of dry washed mortar sand.

A discussion of the engineering properties of the sand is presented

in Chapter 4. The testing program of the states of stress at which

wave propagation tests were conducted and the details of the

construction of the sand sample in the cube are summarized in

Chapter 5 and detailed in Appendix B.

Results of the effect on shear wave velocity of isotropic,

biaxial, and triaxial states of stress are presented in Chapters 6,
I

7, and 8, respectively. Also discussed in these chapters are the

effects on shear wave velocity of stress history and structural

anisotropy for the sand. Results of the re-examination of previous

research, in light of the results of this study, are presented in

Chpater 9. A discussion of previous related research is contained

in Chapter 2.

A summary of the major conclusions of this study are

presented in Chapter 10. These results show, that for any state

of stress, shear wave velocity for body waves is controlled pri-

marily by the principal stresses in the direction of wave propagation

and particle motion and is relatively independent of the principal

stress in the out-of-plane direction, the direction in which no

particle motion occurs for the shear wave. Shear wave velocity

seems to be about equally dependent on the directions of wave

propagation and particle motion, although this proportion may vary

for other soils. For instance, for a different sand, Roesler (1979)
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found that shear wave velocity was slightly more dependent on the

direction of wave propagation than particle motion, with the out-

of-plane direction having no effect on shear wave velocity. It

follows then, that the typical procedure of relating shear

velocity to the mean principal effective stress, o , which

involves all three of the principal stress directions, including

the out-of-plane direction, is not correct.

As expected, stress history was found to have no signi-

ficant effect on shear wave velocity for this sand and, therefore,

was neglected. On the other hand, structural anisotropy was found

to have a significant effect on shear wave velocity. Shear wave

velocities appeared to be grouped according to planes of motion,

that is the plane determined by the directions of wave propagation

and particle motion, with up to an 18 percent variation in shear

wave velocity measurements with the planes of motion. This

difference in shear wave velocity between planes of motion did not,

however, affect the relationship between shear wave velocity and

the principal stresses in the direction of wave propagation and

particle motion.

par

U!
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CHAPTER TWO

REVIEW OF LITERATURE

2.1 INTRODUCTION

The general purpose of this research is to evaluate the

effect of the three-dimensional state of stress on compression and

shear wave velocities of dry sand. The work reported herein deals

with the shear-wave portion of this research. The effect of

isotropic confinement on shear wave velocity has been extensively

investigated, principally within the last two decades. Much less

research has been directed at investigating the effect of the

biaxial state of stress on shear wave velocity. For the case of

triaxial confinement, there is a virtual absence of research on

the effect of this state of stress on Vs . The following sections
S

contain a review of the literature pertinent to the scope of this

study.

2.2 TESTING DEVICES

One of the focal points of past research has been on

testing methods used to measure dynamic shear modulus and constrained

modulus (which are directly related to shear and compression wave ye-

locities of body waves, respectively) of various soils. It was felt

that it would be helpful to the reader to include a brief descrip-

tion of the various devices used to measure dynamic soil properties.

iw
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As such, a short summary of the devices used by those researchers

referenced in the later sections is included. Por a more complete

description, the reader is referred to the referenced articles

and Woods (1973), who reviewed the current state-of-the-art with

regard to laboratory and field testing for dynamic property

measurement.

Generally speaking, testing devices fall into three

categories which are conveniently divided according to experimental

technique. The three categories are: 1. resonance methods,

2. pulse methods, and 3. cyclic methods. Resonance methods are

based upon ',he relationship between the natural frequency of a

soil column ai'd its stiffness (hence, wave velocity).

Pulse methods are based upon causing a disturbance at one point in

the soil sample and defining its arrival at another point from

which the time to travel between these points is determined. If

the distance of travel is known, wave velocity can then be computed.

Cyclic methods are based upon subjecting a laboratory sample to

simulated field conditions of stress in order to evaluate soil

properties. The soil properties are aetermined from the stress-

strain behavior of the soi. as a load is cycled. Different cyclic

tests can determine the modulus of elasticity, E, or shear

modulus, G, of soils as a function of various parameters.

One major difference between resonance and pulse

methods is that resonance methods require somewhat larger defor-

mations of the soil sample relative to the pulse methods. Because



7

of this, frequencies that the soil samples are subjected to may be

higher for pulse methods. Nevertheless, results from both testing

methods seem to yield similar wave velocities. Of the following

devices discussed, the resonant column device pertains to the

resonance method, while pulse method devices include piezoelectric

crystals, test chambers (Schmertmann, 1978), and soil cubes

(Roesler, 1979).

Although cyclic tests were conceived to represent actual

field loading conditions, each of the test devices has limitations.
S

One of the major difficulties with trying to simulate real loading

conditions is the mechanical performance of the test device.

Another problem with cyclic tests is the distribution and redis-

tribution of stress and strain within the sample during testing.

Test devices which pertain to the cyclic method include the cyclic

triaxial, cyclic simple shear, and cyclic torsional shear devices,

and the multiaxial (true triaxial) devices (Atkinson and Ko, 1973).

2.2.1 Resonant Column Device

V The resonant column device is a laboratory device employed

to evaluate the dynamic moduli and material damping of soils. The

resonant column is based on the theory of wave propagation in

V elastic rods, relating the dynamic modulus of the column of soil

to its natural frequency. Shearing strain amplitudes can range

from about 0.0001 to nearly 1.0 percent.

V"
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There are a number of designs of resonant column devices,

each design a function of the boundary conditions imposed on the

soil column. These boundary conditions determine the driving

L A conditions for the soil and the method of analysis used to determine

the shear modulus (and shear wave velocity). Either shear or

compression waves may be propagated through the soil column

depending on the particular orientation of the device. A cylindrical

soil sample is subjected to torsional or longitudinal vibration to

determine the first-mode natural frequency of the column. Soil

samples can be solid or hollow when torsional vibration is used.

Although commonly designed for isotropic confinement

only, Hardin and Black (1966) and Hardin and Drnevich (1970)

designed resonant column devices which permitted independent

control of the axial load and cell pressure during testing.

This independent control permits biaxial confinement of the soil

sample.

2.2.2 Piezoelectric Crystals

Piezoelectric crystals are often used in the pulse method

of determining dynamic soil properties. Waves of ultrasonic

frequency (500 kilocycles/sec) are generated and received using

these crystals. The wave amplitude is generally very low, typically

less than 0.0001 percent. Either compression or shear waves can

be generated in the soil depending on the orientation and type of

* piezoelectric crystal used. This approach uses the wave travel

U



times and travel distance to compute a velocity from which the

modulus (G or E) is calculated.

Piezoelectric crystals were used by Lawrence (1963) to

generate one-dimensional dilatational waves through sand and glass

beads. The device consisted of the test sample in a Shelby tube,

which was confined longitudinally by two load pistons and then

placed in a load frame. The load frame applied an axial pressure

on the soil. Lawrence (1965) conducted shear wave velocity

measurements in sand and clay, using a modified triaxial cell with

piezoelectric crystals mounted in the cells top cap and base

pedestal as shown in Fig. 2.1. The crystals were connected in

parallel and oriented so that, if pulsed, a torsional distortion

would occur at the sample's end. Crystals were also used to measure

any torsional displacement at the other end of the sample.

WJ 2.2.3 Test Chamber

Schmertmann (1978) designed a test chamber to measure

shear and compression wave velocities in dry sand, in accordance

W with the pulse method. The chamber was constructed of steel and

was used to confine a soil sample 4 ft (1.22 m) in height and with

a diameter of 4 ft (1.22 m). A sample of this size helped reduce

* any boundary effects on the wave velocities. With the chamber,

independent control of side pressure and axial load was possible

so that an isotropic or biaxial state of stress could be induced

in the soil sample. The side pressures were created by water
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pressure around the circumferential boundary of the chamber and the

axial pressure was created by a reaction weight on top of the

chamber, as shown in Fig. 2.2.

Schmertmann placed several accelerometers within the sand

mass, oriented in such a manner as to measure wave velocities

horizontally, vertically, and diagonally across the sample. Waves

were generated at the outer edge of the sample and the wave arrivals

were recorded by accelerometers along several wave paths as shown

in Fig. 2.3. Differences in direct arrival times were used to

compute wave velocities. Tests were performed over a pressure

range of from 5 to 20 psi (34.5 to 137.8 kPa).

By varying the method used to generate the initial

impulse, either shear or compressive waves were measured. Two

circular plates were buried 1.2 in. (3 cm) beneath the top surface

of the sand, one plate in the center of the surface and the other

plate near the outer edge of the chamber. The vertical rod

had a horizontal brace connected to it. When the rod was hit in

the vertical direction, mostly compression waves were generated.

When the horizontal brace was hit, the plates rotated within the

sample, generating shear waves. Sandpaper was glued to the bottom

of the plates in order to improve the plate-soil coupling.

2.2.4 Soil Cube

Roesler (1979) used the pulse method and an approach

similar to Schmertmann's but with a rather unique device. Roesler
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conducted shear wave velocity measurements with a cubical sand

sample measuring 30 cm (11.4 in.) on a side. The sample was

constructed in an airtight, PVC-lined, plexiglas box. Once the sand

sample was evacuated, the plexiglas sides were removed, leaving a

PVC covered cube of soil. As shown in Fig. 2.4, a shear wave

exciter was placed in the sand sample in line with two transducers

which were used to measure arrival times of the shear waves. The

shear wave exciter was designed to minimize volumetric strain and thus

g minimize the generation oF compression waves. The exciter, shown in

Fig. 2.5, consisted of a direct-current motor which rotated and re-

acted against a casing embedded in the sand. The reaction of the casing

against rotation produced the shear waves.

The sand sample could be subjected to an isotropic

evacuation pressure and an axial load so that either isotropic or

biaxial confinement could be induced in the sand. Test pressures

ranged from 5.8 to 23.2 psi (40 to 160 kPa).

A unique feature of this device was that the sand cube

was stable (being evacuated) and could be rotated. Therefore the

axial load could be placed along any principal axis of the cube

at any one time. This arrangement permitted varying any one of the

IP axial pressures while holding the other two constant, thereby

examining the change in V as a function of just one of the axials

stresses. Further, the shear wave exciter and transducer arrange-

ment could be oriented parallel or perpendicular to the sand
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layering, caused by sample construction, to investigate the effect

of sample anisotropy.

2.2.5 Cyclic Triaxial Test

Cyclic triaxial devices are universally used testing

devices to measure dynamic soil properties. With these devices,

cylindrical samples are placed within a cell chamber and usually

consolidated under an isotropic confining pressure. For the theore-

tical simulation of actual field loading, the axial stress is in-

creased to create the level of shear stress to which it is desired

to subject the sample. At the same time, the cell pressure is

reduced by an amount equal to the increase in axial stress. The

original axial stress and cell pressure are then reversed by the

same level so that the shear stress is cycled on the sample. This

procedure allows a constant normal stress on a 45-degree plane through

the sample while a shear stress is developed and reversed on that

45-degree plane.

Although this loading may simulate field conditions (on

horizontal planes during earthquake loading) the test is frequently

performed with a constant cell pressure and with the axial stress

having twice the shear stress level cycled along that axis. This,

in effect, results in the correct level of shear stress acting upon

the sample. Both patterns of cycling result in similar levels of

shear stress on the soil testing conditions.

U



16

Triaxial tests can be performed a- stress controlled or

strain controlled tests. Stress controlled tests are most

common and use a cyclic axial load on the sample. Strain controlled

tests also cycle the axial load but the deformation is controlled.

By doing this, E is calculated from the stress-strain relation-

ships from which G is calculated by assuming a value for Poisson's

ratio.

The cyclic triaxial test does have limitations, including:

1. stress concentrations at the cap and base of the specimen,

2. rotation of the major principal stress by 90 degrees during

cycling, 3. necking of the sample at large cyclic strains, and

4. difficulty in obtaining accurate shear strain measurements

below 0.01 percent.

2.2.6 Cyclic Simple Shear Test

The cyclic simple shear test simulates most closely idea-

lized field loading during earthquakes. There are two main designs

for this apparatus. The NGI/SGI apparatus uses a sample with a

circular cross section with non-rigid vertical boundaries (either

stacked rings or wire-wound membrane). The Cambridge design of the

simple shear device employs a sample with a square cross-section and

rigid vertical boundaries.

In the simple shear test, the sample is first axially

loaded to initially consolidate the soil under K condi-
0

tions. With the axial load still applied, the base of the sample
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is subjected to the desired shear stress, resulting in the base of

the sample moving laterally while the top remains fixed. The lateral

movement creates strains over the entire sample height. The shear

stress is then reversed, with the stress-strain behavior of tle

sample recorded. As with the cyclic triaxial test, the cyclic

simple shear test may be performed as either a stress controlled

or strain controlled test. For the stress controlled test, thE.

desired level of shear stress is cycled, with no control on the

lateral strains. The strain controlled test, on the other hand,

U control the lateral strain of the base with no regard to the stress

in the sample.

Problems also exist in the simple shear test which

include: 1. sample preparation, 2. development of non-uniform

strains in the sample, 3. stress concentrations within the sample,

and 4. the lack of application of shear stresses on vertical

boundaries of the sample.

2.2.7 Cyclic Torsional Shear Test

The cyclic torsional shear device was first devised to

reduce some of the problems inherent with the cyclic simple shear

device. Two soil sample configurations were developed for the

* torsional shear test. The configurations are: 1. solid or

hollow cyclindrical samples with height to width ratios of 2 to 1,

and 2. hollow samples with the height varying proportionally to

* the radius of the sample. The linear variation of height with
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radius for the second configuration results in a greater sample

height near the outside boundary and sloping to a shorter height

on the inside boundary. The variation in height is often created on

the bottom face of the hollow sample.

Hollow samples were developed to reduce the variation

of shearing strains along the radius of the sample. The sloping

base of the second configuration should, theoretically, produce

more uniform strains along the sample radius.

2.2.8 Cyclic Multiaxial Test Devices

One of the most complex test apparatus is the multiaxial

test device, with involved mechanical design problems. The

multiaxial devices fall into two general categories which involve:

1. the use of a hollow cylindrical sample subjected to an external

pressure, internal pressure, and axial or torsional load, and

4 2. the use of cubical soil samples subjected to principal stresses

along the three axes of the cube. Only the second approach will

be reviewed in this section.

Several cubical multiaxial devices have been constructed.

These devices allow independent control of the principal stresses

along each of the principal axes of the cube. The tests are

W performed as either stress controlled or strain controlled tests,

depending on how the principal stresses are applied along the

sample boundaries. These boundary conditions may be categorized

as: 1. flexible boundaries, 2. rigid boundaries, or 3. a
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combination of flexible and rigid boundaries. Flexible boundaries

(Ko and Scott, 1967) are synonomous with stress controlled devices

and rigid boundaries (Pearce, 1971) are used for strained controlled

devices. The combination flexible-rigid boundary device (Sutherland

and Mesdary, 1969) uses flexible boundaries for two directions and

a rigid boundary for the third direction. Each of these boundary

conditions has its own advantages and disadvantages.

Only one cubical test device will be discussed in this

section. This device, described by Ko and Sture (1967) and

Atkinson and Ko (1978), uses flexible boundaries. The apparatus

was initially designed to test 4-in. (10.2 cm) cubical .amples.

The device, shown in Fig. 2.6, can apply triaxial stresses up to

5
20 ksi (1.38 x 10 kPa) with flexible pads subjected to hydraulic

pressure. Strains are monitored by proximeters situated along the

walls of the device (sides of the sample). These proximeters have

-5 -5a sensitivity of I x 10 in. (2.54 x 10 cm), and each wall has

three mounted in a triangular pattern on it.

2.3 EFFECT OF ISOTROPIC CONFINEMENT

The effect of isotropic confinement on compression and

shear wave velocities is well defined. Several investigators

(Hardin and Richart, 1963; Hardin and Drnevich, 1970; and Hardin

and Drnevich, 1972) have performed extensive studies of the para- 2
meters affecting wave velocity using resonant column and torsional

shear devices, and their results are summarized in this section.
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The shear modulus is a function of many parameters,

each parameter varying in importance. Equation 2.1 (after Richart,

Hall, and Woods, 1970) summarizes those parameters recognized as

affecting G, for all soils:

G = f(o e, H, Sr9 To, C, A, f, t, Ss, T) (2.1)

where: CFO mean effective principal stress,

e = void ratio,

H = ambient stress history,

S = degree of saturation,• r]

= octahedral shear stress,

C = grain characteristics, grain shape, grain size,

grading, minerology,

A = strain amplitude,

f = frequency of vibration,

t = secondary effects that are functions of time, and

magnitude of load increment,

S = soil structure, and
s

T = temperature, including freezing.

The importance to G of many of these parameters is summarized in

Table 2.1.

Based on Table 2.1, mean effective principal stress is a

very important parameter affecting G and V . Results show that

shear wave (and compression wave) velocity increases as a increases,
o

with the rate of increase typically varying from the 1/5 to 114
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TABLE 2.1

Parameters Affecting Shear Modulus of Sands
for Complete Stress Reversal

(after Hardin and Drnevich, 1970)

Soil Par-imeter Importance to

Shear Modulus

(1) (2)

Strain Amplitude Very

Mean Effective Principal Stress Very

Void Ratio Very*

Degree of Saturation Very**

Octahedral Shear Stress Less

Overconsolidation Ratio Less

Frequency of Loading Less

Secondary Effects Less**

Grain Characteristics, Size, Little**
Shape, Gradation,

Minerology

Soil Structure Little**

Temperature Little**
V

Only one void ratio used in this study so not discussed
in this section.

w Beyond the scope of this study.
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? power of confining pressure. The log V - log a relationship
S 0

then plots as a straight line, with the slope of the line equal to

the power of confining pressure. Results from a number of authors,

as shown in Table 2.2, indicate that the slope of this line may

vary substantially for sands. For confining pressures less than

14 psi (96.5 kPa), the slope of this relationship may be slightly

higher, varying with the 1/3 to 1/4 power of the confining pressure.

The effect of strain amplitude on shear wave velocity can

also be quite important. The shear modulus decreases rapidly

strain amplitude increases. In fact, at strains of 0.1 percent,

the shear modulus can easily differ by a factor of three from the

modulus measured at 0.001 percent. Although there is no

apparent level of strain below which G is constant, it has been

shown for sands that for strain amplitudes below 0.001 percent,

the measured shear modulus is essentially equal to G . Therefore,max

for strain amplitudes less than 0.001 percent, G (and so V )
max s

is assumed constant.

Other factors that effect V and can be considered
[, s

important parameters include void ratio, degree of saturation, and

the number of cycles of loading. Since only one void ratio was

involved in this study, it will only be said the shear modulus

decreases as the void ratio increases. Because the degree of

saturation was essentially zero for this study (the sand was

tested in a nearly dry state) a discussion of its effects on V willq" s
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TABLE 2.2

Summary of Values Presented in the Literature
for the Slope of the log V - log 0 or

log V - log -a Relationship
p 0

Reference Slope for Shear Slope for
Wave Velocity Compression

Wave Velocity
(1) (2) (3)

Hardin and Richart (1963)

< 14 psi 0.25 to 0.33 0.25 to 0.33

> 14 psi 0.20 to 0.25 0.20 to 0.25

Schmertmann (1978) 0.20 0.20

Roesler 0.26

Hardin and Drnevich (1970) 0.25

Wilson and Miller (1962) 0.15 to 0.20 0.20 to 0.25

Hardin and Black (1966) 0.25 0.25

Lawrence (1963) 0.20 to 0.25

Lawrence (1965) 0.25

;U

iU

U

2
U]

I
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be omitted. Similarly, the number of cycles of loading is

inappropriate for this study and will not be discussed in this

section.

The effect on shear modulus of the remaining parameters

can be considered less important. Several of these parameters were

examined in detail in this study. These parameters include stress

history, octahedral shear stress, and frequency of vibration.

Stress history (preloading) has a small effect on V for sands,s

with the velocity varying from one to four percent from that of the

virgin specimen. The importance of stress history is dependent on

the Plasticity Index of the soil (the PI of sand is zero). It

was assumed, therefore, that the effect on G (and so V ) of stresq

history could be ignored for this study. A discussion of the

experimental effects on V of stress history is presented ins

Section 6.5.

The effect of frequency of vibration (really strain rate)

on V varies with soil type and frequency range. Generally, for5

low-amplitude loading of sands and for frequencies in the range

from 200 to 2500 cps (Hertz), it can be assumed that the frequency

of vibration has no effect on wave velocities. For this study it

was assumed that the frequencies would be between 200 and 2500 cps,

and therefore, the effect on V of frequency was ignored (sees

Section 6.8.1).

The effect of octahedral shear stress on G was also

investigated in this study. Results of two previous investigations
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(Hardin and Black, 1966; Lawrence, 1965) indicate that the level of

shear stress has little effect on G. The cube results show these

results are an oversimplification. Shear wave velocity was

determined to depend primarily on the principal stresses in

the directions of wave propagation and particle motion. Therefore,

as discussed in Section 7.5.1, if these two stresses are known,

shear wave velocity can be predicted.

The remainder of the parameters which could affect G

will not be reviewed in this section because they do not pertain

to this study. These parameters include grain characteristics

(only one type of sand was tested), secondary time effects, soil

structure, and temperature effects (the last three parameters are

beyond the scope of this study).

Hardin (1978) studied the importance of each of these

parameters and presented a general equation for shear modulus at

small strain amplitudes as:

G A OCR k  pal-n - n (2.2)
max 0.3 + 0.7e 2 P (

where: G = shear modulus in desired units,

A = constant (dimensionless),

OCR = overconsolidation ratio,

k = function of soil plasticity (k = 0 for sands),

e = void ratio,

Pa = atmospheric pressure in units of Gax*

max
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n slope of log G max  log a relationship, and

a = mean effective principal stress in units of G •

This expression was determined to predict the shear modulus within

+ 10 percent of values measured by Hardin for shearing strain

amplitudes less than 0.001 percent. Those parameters which Hardin

considered most important in their effect on G are incorporated

into the equation.

2.4 EFFECT OF ANISOTROPIC CONFINEMENT

For the case of anisotropic (biaxial) confinement, five

studies have been conducted: Hardin and Black (1966), Lawrence

(1965), Schmertmann (1978), Hardin (1978), and Roesler (1979).

The results from each study are presented separately so that the

results of each author may be presented in an orderly manner.

The change from an isotropic to anisotropic state of

stress necessitates varying the principal stresses independently.

Biaxial testing can be performed by: 1. varying the ratio of the

major and minor principal stresses while holding the mean effective

principal stress constant, (Hardin and Black, 1966; Schmertmann,

1978), 2. varying the mean effective confining pressure by

changing 01 and T3 simultaneously while noting the level of shear

stress (Lawrence, 1965), and 3. varying one of the principal

stresses (a1 or a )'while holding the remaining principal stress

constant and noting the level of shear stress (Roesler, 1979).

The first two variations of stress requires that two principal

q!
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stresses be equal and vary in unison while the third principal

stress varies accordingly. Consequently, all three axial stresses

are varying for each test sequence. The effect on wave velocity of

each principal stress, therefore, is difficult to isolate. The

third variation of stress allows for individual examination of the

effect of each axial stress on V , since only one stress is changing

during the test sequence.

2.4.1 Lawrence (1965)

Lawrence (1965) performed tests on dry sand with piezo-

electric crystals as shear wave generators. The crystals were

radially situated in a modified triaxial cell in which the axial load

and cell pressure were controlled independently. The mean effective

principal stress varied from 10 to 110 psi (68.9 to 757.9 kPa)

and stress ratios (defined as a1
/ C 3 ) varied from 1 to 1.4. Shear

waves were generated vertically through a cylindrical soil sample.

The results obtained by Lawrence are shown in Fig. 2.7,

in which shear wave velocities were determined at different

W shear stresses and mean effective principal stresses. The circles

plotted on the figure represent individual shear wave velocity

measurements, with the values of V shown next to the circles.s

W Lawrence drew lines of constant V which are shown as vertical
s

lines in the figure. Therefore, Lawrence concluded that V wass

effected only by 0 and was independent of the level of shear

W stress.

W
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Ui
Lawrence did note that the change of shear wave velocity

with a was not a linear variation. Figure 2.8 shows the five

loading paths of Fig. 2.7 redrawn as a plot of V and a . The

shear stress increases with the increase in a . As shown by this

figure, the shear wave velocity increased slightly as the shear

stress (and a ) increased. Lawrence attributed this change in V0 s

to a reduction in void ratio as the shear stress increased.

2.4.2 Hardin and Black (1966)

Hardin and Black (1966) performed resonant column tests

on sand samples. They vibrated the samples only with small amplitude

torsional excitation. The dynamic shear modulus was determined

while the samples were subjected to an isotropic confining pressure

and an additional, independently controlled, axial load. Loading

stress paths followed the trend of increased isotropic confining

pressure with unloading paths reversing the trend. For some sets

of tests, the shear stress was varied while a remained constant.

Principal stress ratios varied from approximately 1 to 2, and almost

all tests were conducted in the normally consolidated state. The

test apparatus was designed so that small angles of twist, on the

order of 10- 5 radians per in. of specimen length, were applied to

the sample.

Test results indicate that the measured G was essen-
max

tially independent of the deviatoric component of stress and depended

only on the mean effective principal stress. For a principal

• 2
Ut
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stress ratio ranging from I to 2 and a constant a , measured values

of G had less than a 2 percent scatter. Based on the conclusionmax

that the level of shear stress did not effect G the equations

for G at small strain amplitudes for sand presented by Hardin

(1965) were:

for sands with round grains:

2

a < 2000 psf G (32.17-14.80e) (2.3)0 (96.5 kPa) max (l+e) o

* 2
2000 psf G - (2 2 .52-10.6e) 2 3/5

a 0 00pfGmx(+) C (2.4)0 (96.5 kPa) max (l+e) o

and for sands with angular grains:

G (30.09-19.12e) 2 (2.5)
max (l+e) o

where: G = low-amplitude shear modulus in psi,max

e = void ratio,

= mean effective principal stress in psf.0

When these equations were used to compare predicted values of G

with measured values obtained by Hardin and Black,a maximum scatter

of 8.9 percent was found.

Several tests were conducted for unloading to examine

the stress history effect on G . The results indicated thatmax

stress history (preloading) had only a small effect of decreasing

G with a maximum decrease in G measured as 10.8 percent. Themax max
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decrease in G was found to diminish as the overconsolidation
max

ratio decreased. Generally, it was felt that the change in shear

modulus due to preloading could be neglected for sands.

2.4.3 Schmertmann (1978)

Schmertmann (1978) performed laboratory tests on dry

sand with a triaxial chamber in which a soil sample 4 ft (1.2 m)

in diameter and 4 ft (1.2 m) high was constructed. The radial and

vertical stresses were varied independently in the chamber from

5 to 20 psi (34.5 to 137.8 kPa) with the stress ratio varying from

I to 3 (with the stress ratio defined here as the vertical stress

over the radial stress).

Schmertmann studied the variation in bulk modulus, B,

with anisotropic confinement, by studying the variation in V ands

V with the direction of wave propagation. The bulk modulus is
p

a function of both V and V and is defined as:
p s

B = p(V 2 _ 4/3 V 2 (2.6)
p s

where: B = dynamic buld modulus in psf,

2 4
p = mass density = y/g in lb-sec /ft

V = compression wave velocity in fps, andP

V = shear wave velocity in fps.S

Because Schmertmann was investigating the magnitude and directional

effects of V and V on B, he performed an extensive analysis of

both waves. Waves were generated in several directions through the

qI
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sand sample (vertically, horizontally, and diagonally). Wave

arrivals were detected by accelerometers placed in the sand, with

the velocities determined from interval velocities of initial

arrivals.

Velocity measurements indicated that, for isotropic

confinement, both V and V were slightly faster in the horizontalp s

direction than in 'te vertical direction. This suggested that the

sand had some degree of inherent anisotropy present due to the

method of sand placement. This inherent anisotropy will be

referred to as structural anisotropy herein. (In fact, researchers

have found it impossible to construct a truly isotropic sand

sample.)

Schmertmann found that by varying the stress ratio while

holding a constant, V was not significantly affected (less than0 s

+ 10 percent) for any direction of propagation. The results,

summarized in Table 2.3, indicate that V depended primarily on

and was much more insensitive to the level of shear stress. It

can be noted from Table 2.3 that varying the stress ratio from

1 to 3 (increasing the vertical ai relative to the radial a3 ) at

constant ai had the effect of slightly increasing V for the

vertically propagating shear wave, while slightly decreasing V for

the horizontally propagating shear wave. The change in V withs

stress ratio was + 2 percent. Although this could be due to

experimental scatter, it could also be indicative of a relationship

1P
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TABLE 2.3

Effect of Stress Ratio on Shear Wave Velocity

at a Mean Effective Principal Stress of 10 psi (69 kPa)
(from Schmertmann, 1978)

Direction of Wave Stress Shear Wave
Propagation Ratio Velocity*

(aI /a3) fps

(1) (2) (3)

Vertical 1 916

3 933

Horizontal 1 1026

3 1059

Based on an average of tests at two sand densities.

TABLE 2.4

Effect of Stress Ratio on rompression Wave Velocity
at a Mean Effective Principal Stress of 10 psi (69 kPa)

(from Schmertmann, 1978)

Direction of Wave Stress Compression
Propagation Ratio Wave Velocity*

( 1 /F3 ) \y fps

(1) (2) (3)

Vertical 1 1376

3 1701

Horizontal 1 1506

3 1460

Based on an average of test3 at two sand densities.
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between V and the direction of propagation and axial stress ass

found in this study (see Section 7.5).

On the other hand, Schmertmann found that V was signi-' p

ficantly affected by the stress ratio, as shown in Table 2.4. There

was essentially no change in V for horizontal propagation asP

the vertical stress was varied. However, V was significantlyp

- affected by changes in the vertical stress when the wave was

propagated in the vertical direction. It was concluded that

measured V values were dependent on the effective principal
V P

stress in the direction of propagation.

2.4.4 Hardin (1978)

Hardin (1978) in his state-of-the-art paper attempts to

form a three-dimensional stress-strain relation for soils.

Included in the relation is consideration of the stress path followed

4during loading of the soil and its affect on the stresses. A

general form for shear modulus is:

S.. OCR 1
_ Pa (2.7)ij (I+")) F(e) 1- + ( - _.27

0 1j 0 iJ

e

where: G = elastic shear modulus in ij plane,

S. = dimensionless elastic shear stiffness parameters

in proposed stress-strain relation,

OCR = overconsolidation ratio,

k = elastic parameter dependent on soil Plasticity Index,

w
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j = elastic Poisson's ratio,

r 2
F(e) = function of void ratio (F(e) = 0.3 + 0.7e2),

n = slope of log G - log a0 relationship,

= effective mean principal stress in same units as

G ij, and

T ij = shear stress on ij plane.

This general equation can be simplified for the isotropic

state of stress where T = 0 and is modified for certain stress
ij

9 paths. This approach is the beginning of a general framework in

using soil dynamics to predict soil behavior.

2.4.5 Roesler (1979)

Roesler (1979) performed shear wave measuremcnt&,

30 cm (11.8 in.) cubical sand sample. The sand was subjected tO a

vacuum as the confining pressure and a vertically acting axial

load. A torsional shear wave exciter was ,sed to generate

torsional shear waves in the sample, and wave arrivals were detected

by two transducers, aligned along one axis of the cube, upon which

the generator was also located. Wave velocities were determined

from the interval velocities of initial arrivals to the two

transducers. The sample could be rotated so that the axial load
Ui

could be applied along any of the three principal axes of the sand

cube.

For the shear wave testing, the internal vaccuum was

held constant and the axial load was increased so that the axial

qI
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stress in only one direction was changed. By doing this, neither

the stress ratio or i remained constant for the test series.
0

However, the effect of varying only one axial stress could be

studied. Since the cube could be rotated and the axial load

transferred to each of the principal axes of the cube, the effect

of each of the principal stress directions on V for the same shear
5

wave (constant directions of wave propagation and particle motion

relative to the cube axes) could be evaluated. Test pressures

ranged from 5.8 to 23 psi (40 to 158 kPa) with a maximum stress

ratio of 1.8 used for the tests.

Test results showed an increase in V with increasings

isotropic stress, with the results comparing favorably with

existing equations. As the stresses became anisotropic, V wass

found to vary only with the principal stresses in the directions of

wave propagation and particle motion, and not with the principal

stress in the third, orthogonal direction, as shown in Fig. 2.9.

This effect on V by only these two stress directions wass

explained by the fact that shear waves create shear strains only

in the directions of propagation and particle motion, and so it

was logical that only these stress directions should affect Vs

The plots shown in Fig. 2.9 were analyzed to express V as as

mathematical function of the summation of all three stress

directions, resulting in the following relationship (after

Roesler, 1979):
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V 0.149 - 0.107 0 (2.8)
s a b c

where: V = shear wave vleocitys

a= stress in direction of wave travel,-- • a

a = stress in direction of particle motion, and

a = stress in direction perpendicular to the ' and bc a b

direction.

These exponents were based on the average values of the measured

V as each of the stress components was varied in turn. The dif-U s

ference between the mean values and the minimum and maximum values

was approximately 23 percent. Roesler attributed most of this

experimental scatter to stress history effects for the sand, though

previous experiments have suggested that stress history has little

effect on V
s

It is interesting to note that the sum of the three

stress exponents equals 0.256. This value is in agreement with the

values obtained by a number of authors for isotropic confinement.

Roesler also experienced structural anisotropy in the

sand sample due to the method of sand placement. The degree of

anisotropy could be estimated in the sample by the reorientation

of the transducer-generator arrangement. The electronics configura-

tion was first placed parallel to the sand layering created during

placement and V was measured. The electronics were then rotated
s

so that they were aligned perpendicular to sand layering (in a
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newly constructed sample), and the measurements were repeated.

Structural anisotropy was, in this manner, studied along both

directions.

2.5 SUMMARY

The general purpose of this study is to evaluate the

effect of the three-dimensional state of stress on V . Althoughs

the effect of isotropic confinement has been thoroughly investigated,

the effects of biaxial and especially triaxial confinement have

had much less study devoted to them.

There are many types of testing devices to determine

dynamic soil properties. These devices are generally categorized

according to the method of analysis used to determine the properties.

These methods are the resonance method (resonant column device),

the pulse method (piezoelectric crystals, test chambers, and soil

cubes), and cyclic methods (cyclic triaxial, cyclic simple shear,

cyclic torsional shear, and multiaxial test devices). Each of

these devices has its own advantages and disadvantages in determining

dynamic soil properties. One of the most important considerations

for any of these devices is the shearing strain amplitude to be

used for testing.

Shear modulus (and so V ) can be greatly affected by a5

number of parameters. Those explicitly considered within the scope

of this study include mean effective principal stress, strain

amplitude, frequency of vibration, stress history, and shearing
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stress. Generally, both V and V vary with the 1/5 to 1/4p s

power of a . For shearing strain amplitudes less than 0.001 percent,0

G can be assumed to remain constant for sands. Similarly,max

frequencies of vibration between 200 and 2500 Hz can be assumed to

have no effect on G. For sands, stress history can also be

neglected, with V typically varying by less than a few percents

for loading and unloading in the range of stresses from zero to

100 psi (0 to 689 kPa). The results of this study showed that V
s

was dependent mainly on the principal stress in the directions of

wave propagation and particle motion. Therefore the level of

shear stress is unimportant as long as these two principal stresses

are known.

The state of biaxial confinement becomes more involved

for V and V . Compression wave velocity appears to be dependentp s ,

only on the principal stress in the direction of wave propagation.

Shear wave velocity, on the other hand, depends on ao.

Based on Roesler's experimental results, shear wave

velocity is a function of the stresses in the directions of wave

propagation and particle motion, with V independent of the stress
s

in the third, orthogonal direction.

For all the investigators cited in this chapter, it was

impossible to construct a truly isotropic sample. Typically,

wave velocity is different in the vertical and horizontal directions

due to structural anisotropy.
U

U
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CHAPTER THREE

SUMMARY OF TRIAXIAL TESTING DEVICE

3.1 INTRODUCTION

Since the major element of this study was fabrication of

a triaxial testing device and associated equipment, much of the

effort in the study was directed toward the design, construction, and

readiness of this system for testing. The triaxial cube is

essentially a steel box with interior dimensions of 7 ft (2.1 m) on

a side. The associated equipment for the testing device is used

to: 1. place the sand in a uniform state within the cube,

2. pressurize the soil sample to a desired state of stress,

3. excite compression and shear waves in the sand, 4. monitor and

digitally record these waveforms, and 5. monitor the stress and

strain throughout the soil mass during testing. This chapter

briefly summarizes the design and development of the triaxial

device and associated equipment. A full description of this system

is presented in Appendix A which is taken directly from Kopperman, et al

(1982) and is added to this report for completeness.

3.2 STRUCTURE OF THE CUBE

The cube was planned to permit wave propagation testing

through a soil sample 7 ft (2.1 m) on a side under various states

of stress. A large soil sample waq desired so that the central

w
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portion of the soil cube would be relatively free from boundary

effects. In addition, it was desired to exert a confining pressure

on the sand of 50 psi (345 kPa) over any side. Finally the cube

had to have a reasonable cost of fabrication.

A final design was decided upon which combined steel

plate for the six faces of the cube with steel reinforcement of

angles, I-beams, and plate sections. The sides of the cube were

constructed of 0.357-in. (0.95 cm) thick, steel plate, approximately

7 ft (2.1 m) square. Each plate had steel angles of various sizes

welded to it to resist bending of the thin steel plates used for

the faces of the cube. To resist bending further, I-beams were

welded longitudinally to each of the four side plates, forming four

rings encircling the sides of the cube.

The cube was designed to be built in three separate

sections (the bottom with four base legs, the four sides, and the

top) which are then bolted together to form the completed structure.

Typically only the top section would be removed as soil samples are

constructed or removed from the cube. The base leges were added

to the bottom section to permit access to the excitation port

(see Section 3.3) on the bottom face. The cube was designed to be

a free-standing structure which can be moved with the lifting

lugs provided on the top section. Excitation ports were provided

at the center of each face of the cube so that wave testing can be

performed at a variety of locations.
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3.3 LOADING SYSTEM

The loading system was designed to apply confining

stresses on the soil mass which attempt to simulate those three-

dimensional stresses which may exist in the field. To better

simulate field conditions, non-rigid, stress controlled boundaries

were used to confine the soil mass. As a result, the loading

system utilized three membranes to apply confining stresses along

the principal axes of the cube with one membrane along the top and

one membrane along each of two adjacent sides of the cube. Each

membrane is confined around its perimeter to prevent the tendency of

the membrane to expand and burst. The confinement also isolates

each membrane so that it only exerts stresses along its respective

axis of the cube.

Several design options were considered as solutions for

the loading membranes, which included: 1. using a currently

* manufactured product (either directly or modified as required),

2. having the membranes professionally constructed as per speci-

fications, and 3. building the membranes ourselves as per

specifications. Each of these options was examined based on the

following design criteria: 1. maximum working pressure of 50 psi,

2. operational safety, 3. durability, 4. ease of handling,
UJ

5. simplIcity of operation, and 6. cost of membranes. An

additional consideration was that water rather than air would be

used to pressurize the membranes. Water was selected because

the incompressibility of water would make it safe to use. Further,

--
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water had a better vertical pressure gradient than air when added

to the sand forces. Finally, any possible leaks in the membranes

could be discovered more easily if the membranes were filled with

water.

Based on the design criteria, the decision was made to

construct the membranes ourselves. Approximately 7 ft (2.1 m)

square sheets of 0.063-in. (0.16 cm) thick, Butyl rubber was used

to form the membranes. The Butyl sheets were cemented together and

waterproofed with a lap sealant. Two inflow/outflow ports were

installed in the membranes through which water would enter the

membranes. A sheet of filter fabric was included so that the

water pressure would be evenly distributed over the entire face

of the soil cube lined by the membranes.

During initial testing of these membranes, leaks were

discovered. It was eventually concluded that correction of the

leakage would be too costly, either directly in dollars or indirectly

in time. Therefore, the design options were reviewed and it was

decided to use a currently manufactured product which would be
w

modified as required for the cube. The best choice of the products

manufactured appeared to be water pressure bags from Goodyear

Aerospace Corporation. The water pressure bags were constructed

of Nylon reinforced sheets of 0.063-in. (0.16 cm) thick rubber

which were vulcanized together to form a single unit and were

available in a variety of sizes which could sustain a working

pressure of at least 40 psi (276 kPa). Two inflow/outflow ports

U
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were included as required, although filter fabric could not be

included because of the danger of melting during vulcanization.

However, it was felt that a sheet of paper inside the membrane

which was used in the vulcanization process, would serve a similar

purpose as the filter fabric.

Hydraulic loading was used to pressurize the membranes

for the working pressure range from 10 to 40 psi (6.9 to 276 kPa).

Air pressure was transformed into water pressure at an air-water

accumulator for each membrane. The pressure was controlled by a

panel board which contained the accumulators and that independently

regulated the pressure in each membrane.

3.4 EXCITATION SYSTEM

To generate shear and compression waves in the soil mass,

a mechanism was needed to generate these waves at the soil boundary.

Access to the soil was facilitated by fabrication of excitation

ports (holes in the cube walls) at the center of three mutually

perpendicular sides of the cube (the bottom and two adjacent sides).

A source hammer was attached to the cube at each excitation port

and was composed of an excitation anvil which contacts the soil, an

external frame, an external adjustment screw to maintain contact

between the soil and anvil, an internal frame, and a hand-held

hammer to strike the anvil.

The type of wave generated (shear or compression) was

determined by the direction of the hammer blow. Shear and

I-
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compression waves were generated by applying hammer blows parallel

to the face of the cube or perpendicular to the face, respectively.

The source hammer was in direct contact with the soil so that

distinct waveforms were generated. The base of the anvil was

knurled to improve the hammer-soil contact. The base of the anvil

was chosen to be 3 in. (7.6 cm) squareafteran examination of the

quality of waveform. generated for various soil-hammer contact

areas.

3.5 MONITORING AND RECORDING SYSTEM

The waveforms; of the shear and compression waves propaga-

ting through the soil mass were monitored by a spacial array of

three dimensional (3-D) accelerometer packages buried in the soil.

* Each 3-D accelerometer package was composed of three Endevco

Isoshear ac. elerometers (sensitivity of 0.001 g) rigidly attached

to a wooden block with a similar stiffness to the sand. One

accelerometer was oriented along each of the principal axes of

the cube. Three, 3-D accelerometers were aligned along each

*principal axis of the cube with the middle 3-D accelerometer being

the same for each axis. The accelercmeters were spaced 1.5 ft

(0.46 m) apart and were placed far enough from the cube walls so

* that reflections did not interfere with the recorded wave. A

pair of digital oscilloscopes were used to record the output of

the three accelerometers which were oriented along the correct

* principal axis of the cube and which had the correct direction of

w|
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sensitivity to monitor the generated particle motion. Since each

oscilloscope had only two channels with which to record, two

oscilloscopes were required to record the output from three

accelerometers, with the center accelerometer output repeated on

both oscilloscopes as a reference. The oscilloscopes were

electronically triggered when the hand-held hammer struck the

anvil, initiating a voltage drop in a resistance-capacitance

circuit which started the recording cycle of the oscilloscopes.

Each waveform was recorded on a floppy diskette for storage and

later recall.

3.6 STRESS MEASUREMENT

Stresses in the sand within the cube were monitored by

three total pressure cells (stress cells) embedded in the sand and

by a pressure gage measuring the water pressure in the membranes.

The stress cells were included to insure that the pressure measured

in the sand by the cells was the same as the pressure applied by

the loading membranes. One stress cell, manufactured by Terra

W Technology, was used to monitor sand pressure along each principal

axis of the cube. A control unit automatically converted the signal

from the embedded stress cell into digital output of the desired

units of the measurement.

3.7 STRAIN MEASUREMENT

Six pairs of soil strain gages were embedded in the sand

during sample construction to monitor strains in the sample for
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each state of stress. Soil strain gages from Bison Instruments

were used, with each pair of gages consisting of two, free-floating,

disc-shaped sensors embedded in the sand and separated by a known

4F distance. Both 2-in. (5.1 cm) and 4-in. (10.2 em) diameter sensors

were used with separation distances of about two diameters between

sensors. One sensor acted as a driving coil and the other as a

receiving coil with the electro-magnetic coupling between the

sensors related to the separation distance. Strains were calculated

from the difference between initial and final spacing of the

sensors for any pressure application. Two pairs of sensors were

positioned to measure the strains along each principal axis of the

cube.

3.8 TEST SAMPLE

For a uniform stress to exist throughout the soil sample,

no shearing stresses in the form of friction can exist along the

soil-cube boundaries. To model frictionless boundaries, two

plastic sheets were placed between all six faces of the cube and

the sand sample. A thin coat of WC-40 oil (a lubricant) was

applied between the sheets of plastic.

The sand placement system was designed to fill the cube

with sand of a uniform density over the full height of the sample.

When compred with other methods, the raining of sand through the

air was chosen because of the uniformity of placement obtainable

with this method. For sands rained from heights greater than
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2.5 ft (0.76 m), samples could be consistently obtained of a

uniformly medium-dense nature (Marcusson and Bieganousky, 1977).

Raining of the sand was also found by Marcusson and Beiganousky to

yield variations in density of only + 0.5 pcf for a constant height

of fall.

An initial design for the raining system was centered

around a sand hopper suspended over and moved across the top of the

cube. The hopper was supported by a wood collar which was bolted

around the top of the cube. Sand was poured into the hopper from

a concrete bucket suspended from an overhead crane. A gate system

was then opened in the bottom of the hopper to permit the sand to

rain into the cube at a controlled rate. Screens were included in

the base of the hopper to disperse the sand as it left the hopper.

This version of sand raining was modified (see Appendix B) during

the first filling of the cube because of difficulties with the gates

of the hopper.

As the sand was rained into the cube, density measurements

were taken at four elevations and at various horizontal locations
V

in the sample. Plexiglas density containers were constructed with

a volume of 0.05 cu ft (142 cu cm). These containers were placed

on the sand surface during the filling operation, and sand was

rained into them. When they were full, the containers were

removed, and the sand contents weighed to determine densities.

The average density of the sand was 96.6 pcf (1547 kg/m3 ), and the

w
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standard deviation was only about two percent of this value, or

1.9 pcf (30 kg/m
3).

3.9 SUMMARY

The triaxial testing device was designed and constructed

to hold a soil sample measuring 7 ft (2.1 m) on a side. Loading

membranes were purchased to apply a confining pressure of up to

40 psi (276 kPa) on the soil. A system to generate shear and

compression waves was fabricated, and the electronics to monitor

and record these waveforms was assembled, as was the equipment to

measure the stresses and strains occurring in the soil in the cube.

The triaxial testing device and associated equipment was completed

with the addition of a method to rain the sand into the cube with

a uniform density.

I

q

I
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CHAPTER FOUR

ENGINEERING PROPERTIES OF SAND

4.1 INTRODUCTION

The sand used in the initial wave propagation testing was

selected in June, 1980 and was delivered to the Ferguson Structural

Engineering Laboratory at the Balcones Research Center in August,

1980. The sand was selected because it is available locally in

large quantities and because it fulfills several requirements as

U discussed in Section 4.2. Enough sand was initially ordered to

form at least two separate cube samples. Since delivery to the

Ferguson Laboratory, the sand has been located in an outdoor storage

bin adjacent to the laboratory. The outdoor bin is not covered

but has 3-ft (0.91 m) high concrete walls and a concrete floor.

4.2 SAND CLASSIFICATION

The sand is a medium to fine, washed mortar sand with a

specific gravity of 2.67. The sand classifies as SP in the Unified

Soil Classification System. The results of grain size analyses

performed on five different sand samples are shown in Fig. 4.1.

Based on the average grain size curve, the sand has an effective

grain size, D1 0 , of 0.28 mm and a uniformity coefficient, Cu, of
U

1.71. A soil with a uniformity coefficient smaller than 2.0 is

considered uniform. Therefore, the average grain size curve shows

U
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the uniform grading of this mortar sand which makes the sand well-

suited for the planned testing. Because of the relatively uniform

size of the sand grains, the sand can be rained into the triaxial

cube without significant segregation, an important consideration

in this test series. The ability to rain the sand into the cube

without significant segregation coupled with raining the sand from a

minimum height of 3 ft (0.91 m) (Marcuson and Bieganousky, 1977)

ensures not only uniform samples but also reproducible samples for

each test.

Sand samples were taken from the storage bin from the

time the sand was first delivered in August 1980 until the time

the sand was used to fill the cube in June 1981. Since there is

little scatter in the grain size curve, it can be concluded that

there was no significant alteration of the original sand material

with time. Therefore, the amount of fines can be expected to remain

reasonably constant from one sample to the next. Sand fines are

important to the quality of waves generated in the sand mass and

to the density of the sand sample.

In the initial testing, the sand was tested in a dry state.

The sand was dried in the sun to a water content of less than 0.5

percent. At this water content the sand did not tend to clump

due to surface water on the sand grains. Small portions of sand

were raked ott in one-inch (2.54 cm) layers over a large area to

dry in the hEat of the sun. The sand was constantly raked and

turned over t, ensure complete drying. Dried sand was then placed
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V- in piles and protected from moisture in the air by covering the

piles with sheet plastic.

4.3 DRAINED SHEARING STRENGTH
14

A series of consolidated drained (S-type) triaxial tests

was performed with the sand to determine the effective strength

parameters: friction angle, 4, and apparent cohesion, c. The

tests were performed with 1.5-in. (3.81-cm) diameter samples which

had heights of 3 in. (7.62 cm). The sand was air dried prior to

testing and had an average water content of 0.4 percent.

To determine the variation in T and c with density, the

sand was tested at two different average dry densities, 83 and 99 pcf

(1343 and 1602 kg/m 3 ) which represents loose and dense states for

the sand, respectively. To obtain a dense sample, sand was rained

into the sample mold (on the base pedestal of the triaxial device)

from a height of 3 ft (0.91 m). This was done by permitting the

sand to fall freely through a 3-ft (0.91 m) long tube into the mold.

Loose sand samples were constructed by pouring the sand through a

funnel with the spout kept just above the top of the sample in the

mold. The sand was poured slowly but continuously into the mold

to minimize any tendency to segregate and layer. None of the samples

were compacted after the sand was placed in the mold since the sand

ma3s in the cube was not going to be compacted after it was placed.

In fact, it was felt that the dense sand samples would most closely

represent the sand after it was placed (by raining) in the cube.
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Failure envelopes for the loose and dense sand samples

are shown in Fig. 4.2. Based on the failure envelopes, 4 increases

as density increases, ranging from 37 degrees for the loose samples

to 42 degrees for the dense samples. The value of c can be con-

sidered essentially zero for both the loose and dense states.

Once the failure envelopes were determined, the stress

difference between the three principal stress axes was studied

to determine if any combination of triaxial stresses would cause

the sand to fail in the cube while being loaded. From this study

(using a conservative value of 40 degrees for T) it was concluded

that with a major and minor principal stress combination of 40 and

5 psi (275.6 and 34.5 kPa) respectively, the sand sample would fail.

Therefore, this combination of principal stresses was excluded from

testing.

The principal stress combination was limited further by the

nonuniform vertical stresses in the sand. There is a variation of

vertical stress with depth acting on the sand because of body

forces within the cube. These body forces are due to the increase

in total weight of sand with depth and the increase in total

weight of water with depth in the loading membranes. The variation

of vertical geostatic stress ranges from zero at the top of the

sample to 4.52 psi (31.1 kPa) at the bottom with an average value

of 2.3 psi (15.8 kPa) in the middle. It was desired to reduce the

significance of body forces on wave propagation,and so it was

decided to test only at confining pressures where the body forces
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at the middle of the sample were less than 25 percent of the applied

pressure. With this approach, 10 psi (68.9 kPa) was selected as

the minimum pressure at which any wave testing would be conducted.

As a result, 10 psi and 40 psi (68.9 and 275.6 kPa) represent the

minimum and maximum principal stresses in this study, with a 3 being

large enough to overshadow the body forces and with a - a
1 3

satisfying the stress difference requirements based on 4.

4.4 ISOTROPIC DYNAMIC TESTING

* Dynamic soil property tests were performed on the sand

at the Soil Dynamic Laboratory at the University of Texas at Austin.

Resonant column equipment was used to evaluate the shear modulus,

G, shear wave velocity, Vs. and material damping ratio, D, of the

sand, which are defined as,

G = pV 2  (4.1)

D = 2  2 (4.2)

where: p = mass density of the sand, and

6 = log decrement determined from the free-vibration-

u decay-curve.

Isotropic confining pressures were maintained through

resonant column testing with hydrostatic confining pressures ranging

from 2.5 to 80 psi (17.2 to 551.2 kPa). Sand samples experienced

.1
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two-way cyclic loading, undergoing complete stress reversal. Both

low-amplitude and intermediate-amplitude tests were used to evaluate

Vs, G and D. Low-amplitude tests are defined as those tests in

which the single-amplitude shearing strain, y, did not exceed

0.001 percent. Intermediate-amplitude tests are those tests in

which shearing strains were in the range of 0.001 to about 0.01

percent.

The significance of low-amplitude testing is that dynamic

soil properties are essentially constant in this strain range

(Haidin and Drnevich, 1972a and b), and it is the strain range expected

in the initial tests in the triaxial cube. At shearing strains

above 0.001 percent, dynamic soil properties may be influenced by

strain amplitude depending on several variables such as the soil

type, strain amplitude, and confining pressure.

4.4.1 Low-Amplitude Dinamic Properties

Three series of low-amplitude tests were performed to

determine the effect of the effective mean principal stress, ao

on Vs, G and D. Different initial void ratios of 0.59, 0.70 and
U

0.76 were achieved in the different test series. In addition, the

second and third test series included unloading pressure sequences

to study the effect of overconsolidation and stress history on the

dynamic properties. The second test series had one cycle of loading

and unloading while the third test series included 2.5 load cycles

(load-unload-reload-unload-reload).

•
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The variation in the low-amplitude G with effective

hydrostatic confining pressure is shown in Fig. 4.3. A linear

relationship between log G and log a exists with the shear modulus

increasing as confining pressure increases. In addition, the shear

modulus decreases as void ratio increases at any confining pressure.

However, the decrease in shear modulus with increasing void ratio

does not significantly change the slope of the log G - log a
0

relationship.

Based on low-amplitude resonant column tests, the shear

modulus can be expressed in the form of (Hardin, 1978):

A OCRk 1-n - (4.3)
G ma A Pa a0(43
max 0.3 + .7e2  0

where: Gmax = shear modulus in psi,

A = constant (dimensionless),

OCR = overconsolidation ratio (dimensionless),

k = factor based on Plasticity Index of soil (for

sand, k = 0),

e = void ratio,

Pa = atmospheric pressure in psi,

a° = mean effective confining pressure in psi, and

n = slope of the log G - log a relationship.
0

Average values for A and n were determined for these tests and

found to be 705 and 0.48, respectively. These values of A and n

result in an average ratio of calculated shear modulus divided by
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measured shear modulus from the resonant column test for all the

tests equal to 0.99 with a standard deviation of 0.05. A maximum

deviation of + 11 percent was found between the calculated and

measured shear moduli. Therefore Eq. 4.3 can be used to predict the

shear modulus (and hence shear wave velocity) of the sand in the

triaxial cube when the loading is hydrostatic.

The unloaiing pressure sequence shown in Fig. 4.3 indicates

that previous stress history (for stress-controlled boundaries)

has little effect on the shear modulus and shear wave velocity of

this sand and, for practical purposes, can be neglected. This

behavior represents an important consideration in conducting the

tests in the cube because it means that stress history can be

ignored in performing the low-amplitude tests.

Shear wave velocity is related to shear modulus, as

indicated by Eq. 4.1, by the one half power. The variation in Vs

with effective hyCostatic confining pressure is shown in Fig. 4.4.

A linear relationship also exists between log V and log a with

the shear wave velocity increasing as confining pressure increases.

Also, shear wave velocity decreases as void ratio increases at any

confining pressure. As with the shear modulus, the decrease in

shear wave velocity with increasing void ratio does not signifi-

cantly change the slope of the log V - log a relationship.s 0

The variation in low-amplitude material damping ratio

with confining pressure is shown in Fig. 4.5 for the sand tested

at all three void ratios. The results show that D tends to decrease

Ui
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as confining pressure increases, with the rate of decrease becoming

less significant as confining pressure increases. Significant

scatter in the damping data exists, and because of this scatter,

the effect of void ratio upon damping of the sand at any confining

pressure is not obvious. Hardin and Drnevich (1972a) indicate that

damping ratio decreases as void ratio increases for undisturbed

natural soils. However this trend is not shown by this sand. As

a result, only a range for D can be given to compare with the

results from the cube. Attention may also have to be paid to the

U effect of stress history on material damping of the sand.

Although the value of D at any void ratio is similar for both

loading and unloading, as shown in Fig. 4.5, the large scatter in

the data (+ 30 percent typical, + 40 percent maximum) masks any

lesser variation of D with stress history. Nevertheless, the

resonant column data indicate that D varies, on the average, from

1.3 percent at low effective confining pressure to 0.3 percent at

higher effective confining pressures.

4.4.2 Intermediate-Amplitude Dynamic Properties
I

One intermediate-strain-amplitude test series was performed

to determine the effect of shearing strain amplitude on the shear

modulus and material damping of the sand in this strain range.

This test series was performed at the same set of confining pressures

as the low-amplitude tests for the sample with an initial void

ratio of 0.76 and was performed on the loading sequence with this

sample.
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The variation in shear modulus with shearing strain

amplitude at each confining pressure is shown in Fig. 4.6. As

seen in the figure, shear modulus decreases slightly with increasing

shearing strains for confining pressures less than about 40 psi

(275.6 kPa). For confining pressures of 40 psi (275.6 kPa) or

above, shear modulus is essentially constant over the magnitude of

shearing strains tested. However, for testing pur,oses in the

triaxial cube, shear modulus can be considered constant unless y

exceeds 0.003 percent. As a result, shear wave velocity can also
U

be considered constant up to this strain amplitude.

The variation in material damping ratio with shearing

strain amplitude is shown in Fig. 4.7 at each of the confining

pressures tested. The figure shows that damping ratio increases

with increasing strain amplitude and for shearing strains above

about 0.001 percent. This variation is largest at the lowest

confining pressure. These results show that for testing in the

cube above a strain of 0.001 percent, care must be taken in analyzing

the data to account properly for the effect of strain amplitude.

4.5 SUMMARY

The sand used in this stage of wave propagation testing is

* a uniform, medium to fine, washed mortar sand which classifies as

SP in the Unified Soil Classification System. Because of the

uniformity of the sand, no segregation should occur as the sand is

* rained into the cube, and, as such, a more uniform and reproducible
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sand sample is possible from test to test. The sand was tested in

an air-dried state with a water content of less than 0.5 percent.

Results from consolidated drained triaxial tests show

that 4 for the sand varies with the density, ranging from 35 degrees

in a loose state (83 pcf, 1343 kg/m 3 ) to 42 degrees in a dense

3state (99 pcf, 1602 kg/m ). The value of c was essentially zero for

any density. Because of the limitation of the maximum allowable

stress difference (based on the failure envelope with a T of 40

degrees) and to reduce the mathematical significance of body forces

acting on the sample, the applied pressures within the cube were

selected to range from 10 to 40 psl (68.9 to 275.6 kPa).

Both low-amplitude and intermediate-amplitude resonant

column tests were performed on sand samples with an effective

hydrostatic pressuie varying from 2.5 to 80 psi (17.2 to 551.2 kPa).

Low-amplitude tests wfth shearing strains less than 0.001 percent

were performed at three different void ratios. Results from the

low-amplitude tests show that a linear relationship exists for log G

(and therefore log V s) and log 0, with the shear modulus (and

shear wave velocity) increasing as the confining pressure increases.

Shear modulus (and shear wave velocity) decreases as void ratio

increases, although this decrease does not change the slope of the

* log G - log ao (or log Vs - log 3o) relationship. Previous stress

history hai no significant effect on the value of shear modulus

(or shear wave velocity) for these tests. Material damping ratio

decreases as effective confining pressure increases. The range of
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average D varies from 1.3 percent at low confining pressures to

0.3 percent at high confining pressures, with + 30 percent scatter

typical.

An intermediate-amplitude resonant column test was

performed on one sample for a pressure range of from 2.5 to 80 psi

(17.2 to 551.2 kPa). Results show that the shear modulus decreases

slightly with increasing shearing strains above 0.003 percent for

confining pressures less than 40 psi (275.6 kPa). For testing

purposes in the triaxial cube, the shear modulus (and shear wave

velocity) can be considered constant at any pressure unless the

shearing strain exceeds 0.003 percent. Material damping ratio

decreases as shearing strain increases for strains above 0.001

percent, with the variation largest at the lower confining pressures.

For shearing strains greater than 0.001 precent, care must be

taken to account for strain amplitude effects on D.

U

V

U
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CHAPTER FIVE

SUMM4ARY OF TESTING PROGRAM AND PROCEDURES

5.1 INTRODUCTION

Initial testing in this study consisted of the measure-

ment of velocity and attenuation characteristics of compression

and shear waves. The waves were propagated through a sample of

dry sand of medium denisty. The following sections contain a

summary of the testing program and procedures used to prepare the

wI

sand sample. A full description is presented in Appendix B, which

is taken directly from Kopperman et al (1982) and is added for com-

pleteness.

5.2 TESTING PROGRAM

The testing program was composed of three sequences of

pressure variation. Testing was first performed for a series of

isotropic states of stress to determine the relationship between

shear wave velocity and mean effective principal stress, a

W These tests were followed by a second series of tests with a con-

stant a in which both biaxial and triaxial states of stress were
0

included. This series was designed to examine the relationship

of shear wave velocity with shearing stress for a constant a.
0

Hardin and Black (1966) concluded that shear wave velocity was

proportional only to u , and independent of shearing stress.

U

a"
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A final series of biaxial and triaxial tests were

performed in which the mean effective principal stress was varied.

This series was performed to determine the relationship of wave

velocity to the principal stresses along each axis of the cube. A

complete list of the tests performed for these three sequences of

pressure variation is given in Table B.1 and is shown graphically

with time in Fig. B.1.

5.3 TESTING PROCEDURES

9 Preparation for testing began with construction of the

sand sample. After two loading membranes were suspended on adjacent

sides of the cube, oiled sheets of plastic were placed on the four

sides and bottom of the cube. The purpose of these oiled sheets

was to eliminate friction between the sand and walls of the cube

so that no shearing stresses would develop.

With the interior of the cube lined, the raining of the

sand began. After being dried in the sun to a suitable water

content, the sand was screened and brought to the cube. Because of

w problems with the intended method of raining, it was decided to

rain the sand from a concrete bucket with a limited rate of flow of

sand. Based on sand density measurements, the average density of

w the sand sample was 96.6 pcf (1547 kg/m 3 ) with a standard deviation

of 1.9 pcf (30 kg/m3 ). Hence the sand sample constructed with the

modified raining system was quite uniform.

w
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Construction of the sample was halted at five predeter-

mined elevations so that electronics could be implanted in the

sand sample. A spring-string system was used to indicate elevation

of the sample within the cube. Electronics placed in the sample

included 3-D accelerometer blocks, total pressure cells (stress

cells), and strain sensors. Seven accelerometer blocks were

situated in a spacial array in the sample so that three blocks

were oriented along each principal stress direction of the cube.

Careful measurements were taken of the distances between these

blocks.

Three stress cells were placed on the horizontal plane at

the mid-height of the cube. One cell was oriented along each

principal axis to measure the stress from the corresponding

loading membrane. Care was taken in the placement of these cells

but significant scatter in the data was expected nonetheless

because of the limited number of measurements (Hadala, 1967).

Six pairs of soil strain sensors were used to measure the

strain in the sand along the principal axes of the cube. Two

pairs of sensor discs were carefully oriented along each axis, one

pair of sensors placed near the respective loading membrane and the

other pair near the opposite face of the cube. The sensors have to

be placed with certain surfaces of the discs facing each other.

Because of equipment repair delays, these surfaces could not be

determined when the sand was placed. Therefore, only four of the

six pairs of sensors were later found to be operational.
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While sand was being rained into the cube, the water in

the two side membranes was being kept at an elevation approximately

one in. (2.5 cm) above the level of the sand. The p'irpose of keeping

the water elevation above the height of sand was to prevent the mem-

branes from pinching together which might result in a nonuniform

pressure over the face of the sand. If the pressures were not

uniform, an unknown (and undetected) stress distribution would be

present in the sand.

Raining of the sand was stopped with the sand height one

in. (2.5 cm) below the top of the cube to allow room for placement

of the top membrane. After oiled sheets were placed on the sand,

the top membrane was laid on the sand. The cube was sealed with

the bolting of the top face to the sides. Water was added to the

top membrane to fill any air voids between the surface of the

sand and top of the cube.

With the addition of the top, wave testing could then

begin. Each membrane was connected to a separate pressure out"et

in the panel board to permit independent control of the stresses

along each axis of the cube. Testing proceeded through the various

states of stress shown in Table B.1.

At each test pressure, nine sets of waveforms of shear

and compression waves were recorded. For each principal axis of

wave propagation, one compression and two mutually perpendicular

shear waves were generated. Reversals were also recorded for each
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shear wave to aid in identification of the shear wave arrival. Each

set of waveforms consisted of the output from the three accelero-

meters oriented along the direction of wave propagation and with

the correct direction of particle motion.

Each set of waveforms was generated by striking a source

hammer in contact with the soil boundary. The direction of hit

determined the direction of particle motion and the type of wave

generated. All waveform sets were recorded by a pair of two-

channel digital oscilloscopes which stored the data on magnetic

storage diskettes. Output from the middle accelerometer was

recorded on both oscilloscopes as a reference. Appendices C, D,

and E show typical sets of shear wave traces for isotorpic,

Vi biaxial, and triaxial states of stress, respectively. Data

reduction is discussed in Chapter 6.

In addition, stress and strain data were collected, and an

estimation was made as to the water volume change in the membranes

as the pressure was varied from test to test.

Pressures were applied along the axes of the cube so that

the planned state of stress occurred on the horizontal plane at

the mid-height of the sample. This condition was attained with

corrections made for overburden pressure of the sand, hydraulic

gradient of the water, and differing piezometric elevations between

the inlet ports on the membranes and the pressure controls of the

panel board.

V

V
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Unfortunately, problems occurred with the accumulation of

stress and strain data. Delays in equipment repair allowed

strain data to only be gathered during the second half of testing.

Although reliable stress-strain properties cannot, therefore, be

predicted, absolute strains measured by the strain sensors over

the full pressure range were small (less than 0.3 percent).

A crude estimate of strain was made by estimating the

water volume change in each membrane as the pressure was varied

from test to test. Based on these estimations, there appeared to

be an initial seating of the membranes as any air voids were

filled between the sand and walls of the cube. After the initial

seating, the stress-strain relationship was fairly linear with no

evidence of stress history. Values of Young's Modulus, determined

from the initial slopes of the stress-strain curves, ranged from

16,000 to 18,000 psi (110,000 to 124,000 kPa).

Stress cell measurements were subject to large scatter.

The large scatter is inherent with these stress cells because of

sand arching effects, compressibility of the sand, and non-linearity

of the strain gages in the stress cells. Results from these cells

showed that there was a linear variation in the stress-strain

relationship after the initial seating. There was no direct
S

correspondence between the stress applied by the loading membranes

and the pressure read by the stress cell along each axis. Therefore,

calibration curves should be made for future reference.

W
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U[- 5.4 SUMMARY

Testing was performed with the triaxial testing device

for three sequences of pressure variation, including isotropic

confinement, biaxial and triaxial confinement with a constant a0 ,

and biaxial and triaxial confinement with a variable a . Dry

sand was used in this initial stage of testing and, therefore, the

sand sample was constructed by a raining process. The raining

process was interrupted to permit placement of accelerometers,

stress cells, and strain sensors and to allow density measurements

to be performed. The density tests indicated that the sample was

quite uniform with an average density of 96.6 pcf (1547 kg/m3 ).

Problems with strain sensor equipment and data scatter

with the stress cells prevented an in-depth investigation of the

stress-strain properties of the sand. Based on the analyses made,

stress and strain variation was almost linear and there was no

effect of stress history. An initial seating strain was observed

as the membranes were initially loaded.

Dynamic testing was conducted at each test pressure.

Shear and compression waves were generated along each principal

axis. The method of analyzing the data is discussed in Chapter 6,

and the results for isotropic, biaxial, and triaxial testing are

Wpresented in Chapters 6, 7, and 8, respectively.

V

-w. i , i - - i I I I....
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CHAPTER SIX

ISOTROPIC CONFINEMENT

6.1 INTRODUCTION

Wave propagation testing was first performed for the case

of isotropic confinement (0I = a2 = a3) to understand the effect of

an isotropic state of stress on shear wave velocity in the triaxial

cube and to form a reference with which to compare results from

anisotropic confinement. During the course of the testing program,

ten tests were conducted with isotropic confinement. The shear

wave velocity from these tests was examined: 1. to evaluate the

effect of state of stress on V , 2. to compare these experimental

results with other available data for isotropic confinement, and

3. to develop an understanding of the structural anisotropy of

the sand sample. In this chapter, the characteristics of

shear waves are briefly examined, and the variation of V with

isotropic confinement and structural anisotropy are summarized.

6.2 SIMPLIFIED CONDITION OF ISOTROPIC CONFINEMENT

Although the idealized condition of isotropic confinement

was preferred, it was impossible to attain because of inherent

pressure gradients in the triaxial cube. Horizontal and vertical

pressure variations with depth resulted in a truly isotropic

condition on only the horizontal plane at the mid-height of the

q|

q
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cube sample. Therefore, at only this level did the desired stresses

exist. However, the pressure variations were relatively small and,

therefore, were ignored in the data analysis.

Horizontal and vertical stresses within the sample increased

with increasing depth in the sand. Vertical stress varied due to

the increase in total weight of sand with increasing depth.

Horizontal stress increased with depth because of the increase in

total weight of water contained in the lateral membranes pressurizing

the sand. Both of these pressure variations were a linear function

of depth in the cube.

To account for the pressure variation in the cube and to

have the horizontal plane in the middle of the cube subjected to

a truly isotropic state of stress, the pressure set on the pressure

gage was not the actual isotropic confining pressure. The vertical

pressure in the top membrane was set on the pressure gage at 0.2 psi

(1.4 kPa) less than the desired isotropic confining pressure at the

center of the sample. This value of 0.2 psi resulted from a 2.4 psi

(16.5 kPa) increase in pressure due to the weight of sand above the

S
center and the water in the top membrane (3.5 ft (1.07 m) depth to

center times 97 pcf (1554 kg/m3 ) for sand times ./144 in. 2/ft
2

(0.00981 kPa/kg/m 2 ) + 0.083 ft (0.025 m) H2 0 in membrane times

62.4 pcf (1000 kg/m 3 ) for H 20 times 1/144 in. 2/ft 2 (0.00981 kPa/kg/m )

= 2.4 psi (16.5 kPa)), and a 2.2 psi (15.2 kPa) decrease in pressure

from the head loss because of the height difference between the

level of air-water interface at the pressure board and inlet port



81

3on top of the cube (0.036 lb/in. (994 kg/m 3) unit wieght of H20

times 5 ft (1.53 m) head loss times 12 in./ft (0.00981 kPa/kg/m )

2.2 psi (15.1 kPa)). The weight of the top membrane itself was

negligible and was, therefore, ignored.

The horizontal pressure in both side membranes was set at

the pressure gage at 0.9 psi (6.2 kPa) greater than the desired

isotropic confining pressure at the center of the sample. This value

of 0.9 psi resulted from a 1.3 psi (9.0 kPa) reduction in measured

pressure to account for the weight of water in the side membranes

(3.0 ft (0.92 m) of H 20 (the top six inches in the membrane contained

air) times 62.4 pcf (1000 kg/m 3 ) for H20 times 1/144 in. 2/ft

(0.00981 kPa/kg/m 2) = 1.3 psi (9.0 kPa)), and a 2.2 psi (15.2 kPa)

increase in pressure to account for head losses from the pressure

gage to the inflow ports in the cube.

No attempt was made to correct V for these pressure
5

gradients within the cube sample. Since all testing was performed

at confining pressures from 10 psi to 40 psi (68.9 to 275.6 kPa)

(measured at the center of the cube), the absolute variation in the

vertical stress between the top and bottom accelerometers was

2.0 psi (13.8 kPa). This variation in pressure between accelerometers

amounts to a + 10 percent variation for a confining pressure of
U

10 psi (68.9 kPa) and a + 2.5 percent variation for a confining

pressure of 40 psi (275.6 kPa). The maximum horizontal pressure

variation also occurred between the top and bottom vertical

accelerometers and was equal to 1.3 psi (9.0 kPa). This horizontal
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variation in pressure between the top and bottom accelerometers

amounts to a + 7 percent variation for a confining pressure of

10 psi (68.9 kPa) and a + 1.6 percent variation for a 40 psi

(275.6 kPa) confining pressure.

The variation in pressure between the top and bottom

accelerometers was linear and was less than or equal to + 10 percent

of the confining pressure for all testing performed in this study.

* For the other five, 3-D accelerometers placed on the horizontal

mid-height plane, a truly isotropic condition was assumed to exist.

This assumption was based on the premise that the horizontal pressure

was not a function of distance from the loading membranes but was

continuous across the entire sample. The premise of a continuous

pressure means that no shearing stresses existed on the sides of

the cube without the loading membranes.

6.3 DESCRIPTION OF SHEAR WAVES

At each test pressure, six different shear waves were

generated and recorded. The six different shear waves were based

on directions of wave propagation and particle motion. Two

directions of particle motion (polarization) were possible for each

of the three directions of wave propagation. Each S-wave record

was examined to identify travel times, wave amplitudes, and

predominant frequencies.

1W
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6.3.1 Nomenclature

The triaxial cube was oriented so that the hammer in the

bottom face generated a shear wave propagating in the top-bottom

direction, and the two hammers in the sides generated waves propa-

gating in the east-west and north-south directions. Wave identifi-

cation was, therefore, arranged so that wave propagation and particle

motion directions would correspond to these directions or axes of

the cube. The six different shear waves were then designated using

a nomenclature in which the first two symbols denote the direction

of wave propagation and the second two symbols denote the direction

of wave particle motion. For instance, for a shear wave propagating

in the top-bottom (vertical) direction, particle motion could be in

the east-west or north-south direction. These waves would be

designated by the symbols STB/E W and STB/NS, respectively.

Similarly, the other waves are represented by SNS/TB, SNS/EW' SEW/TB'

and S EWN S . A description of each wave is given in Table 6.1.

Wave reversals were also recorded for each shear wave.

Reversed shear waves were generated with an impulse applied in a

• direction opposite to the impulse direction used to generate the

"non-reversed" wave. These two waves, therefore, exhibit a

reversal in the polarity of particle motion for the initial shear

Vwave arrival. Because of the reversed polarity, recording a shear

wave and its reversal aids in identification of the initial S-wave

arrival (Schwartz and Musser, 1972). Initial-arrival identification

1P becomes easier because the accelerometer output would be positive
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r" TABLE 6.1

Nomenclature Used to Identify the Six
Different Shear Waves

Wave Symbol* Direction of Wave Direction of
Propagation Particle Motion

(1) (2) (3)

STB/NS top-bottom north-south

STB/EW  top-bottom east-west

SNS/TB north-south top-bottom

SNS/EW north-south east-west

SEW/TB easL-west top-bottom

SEW/NS east-west north-south

See Figure 6.12 showing the shear wave planes of motion.

A

W
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for an initial upward particle motion and negative for an initial

downward particle motion. This reversed polarity of the initial

shear wave arrival (denoted by the "S" in the figure) for reversed

impulses is illustrated in Fig. 6.1.

Reversed shear waves are different from non-reversed

shear waves only in the fact that they have opposite polarity of

particle motion. Relative wave features involving time and

amplitude for the reversed shear wave correspond to the same features

for the non-reversed shear wave. Therefore, all shear waves are

designated by the symbols shown in Table 6.1 with no regard given

to the polarity of particle motion.

6.4.2 Shear Wave Records

Each wave record was examined to identify and quantify

the following five features: 1. the time of the initial shear

wave arrival; 2. the time of the first trough (which is one quarter

of a cycle after the initial arrival); 3. the amplitude of this

first trough; 4. the time of the first peak (which is three

* quarters of a cycle after the initial arrival); and 5. the amplitude

of the first peak. Each shear wave was recorded by three accelero-

meters situated along the direction of propagation. Each test

record, therefore, consisted of three waveforms, and three sets of

the five wave features described above had to be identified. The

sets of time and amplitude features for a typical test record are

* shown in Fig. 6.2. In this figure, the letter t or A

-- -U.= ' I...
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Fig. 6.1 - Typical Shear Wave Record Using Reversed
Impulses to Aid in Identification of
Initial Shear Wave Arrival
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V denotes a time or amplitude feature, respectively. The first

subscripted numeral associated with the times represents: 1 for the

direct arrival, 2 for the first trough, and 3 for the first peak.

The first subscripted numeral associated with the amplitudes

represents: 1 for the first trough, and 2 for the first trough to

first peak. The second subscripted numeral denotes the accelerometer

position along the axis: I for the accelerometer nearest to the

source hammer, a distance of 2.0 ft (0.61 m), 2 for the center

accelerometer, approximately 3.5 ft (1.07 m) from the source hammer,

and 3 for the farthest accelerometer which was situated 5 ft (1.53 m)

from the source hammer.

Generally, the shear wave records were quite easy to

analyze, and the data displayed consistent trends. However, at times

the shear wave records were erratic and difficult to analyze.

Figure 6.3 shows two extremes in the shear wave records; the upper

record being easy to analyze and the lower record requiring a great

deal of judgement to analyze. When a record was difficult to

analyze, the reasons seem to be traceable to problems with the source

hammer; that is, the hammer-soil coupling, or the impulse applied

to the hammer to generate the shear wave. Approximately 80 percent

of the shear wave records were good records and easy to analyze.

The degree of hammer-soil coupling was reduced by small

amounts of sand leakage from the sides of the two side hammers

during testing (see Sect. 6.4). Although the hammer faces had been

roughened to improve coupling, this leakage seemed to reduce the

U i i m i ' i .. . .i
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Accelerometer
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Sensitivity
+ 1000 mv

0 5 9.2
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a) Shear wave record which was easy to analyze
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Sensitivity
+ 1000 mv
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b) Shear wave record which was difficult to analyze

Fig. 6.3 - Illustration of the Two Extremes in Quality
of Shear Wave Records
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overall quality of hammer-soil coupling and thus distort the shear

waves. This effect could sometimes be reduced by screwing the source

hammer more tightly into the cube and sc increasing the pressure

of the hammer on the soil, although this was not always successful.

The hammer impulse was also quite important. Although an

atte;tpt was continuously made to keep the hammer blows constant, it

was not possible. The differences in blows had the effect of

exciting different frequencies in the shear waves. In particular,

a "poor" hammer blow was one which excited high frequency interference

in the shear wave record. When arrival times were chosen for the

wave records with frequency interference, the process involved the

smoothing of the shear wave to eliminate the undesirable frequencies.

In general, those shear waves with lower predominant frequencies

(in the range of 1000 Hz) were much easier to analyze.

As a final point, it must be noted that for a few of the

tests, the accelerometers did not operate properly. The problems

were intermittent, with the problems occurring in no discernible

pattern. The reasons for the malfunctions were not determined but

could have been associated with the fragile microdot cables and

connectors, equipment overheating, or the switching boxes.

6.3.3 Shear Wave Data Reduction

With the measured values from the waveforms cited above

and the measured distances between accelerometers, a computer

program was used to perform various calculations. The calculations
V
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included: 1. velocity of the direct shear wave to each of the

three accelerometers; 2. interval shear wave velocities (between

accelerometers I and 2, 2 and 3, and 1 and 3) based on the initial

arrivals, first troughs, and first peaks; and 3. shear wave

frequencies based on the direct, first trough, and first peak arrival

times. The computer program greatly eased the data reduction since

the calculations were so repetitive and numerous. A printed version

of the program may be found in the report by Kopperman, et al (1982).

A complete set of recorded waveforms, data input and

resultant computer output for a representative test is included as

Appendix C.

6.4 ANALYSIS OF SHEAR WAVE VELOCITIES

6.4.1 Comparison of Direct and Interval Velocities

The first step in evaluating the effect of the mean

effective principal stress, 0 , on shear wave velocity was toO

compare the direct and interval velocities. Tho comparison was

performed to determine both the data scatter and c.rnsistency of

U

velocity chang s with n 0

Although similar in magnitude, direct vdocit es were

lower than interval velocities. In almost all cases, direct

velocities were on the order of five percent lower than interval

velocities at a confining pressure of 10 psi (68.9 kPa) with the

difference increasing to about 10 percent as 0 increased to 40 psi

(275.6 kPa). In addition, the slope of the log V - log ,I

S
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relationship for direct velocities was on the order of one-half

of that for the same relationship for interval velocities as shown

in Fig. 6.4.

Differences between direct and interval velocities can

be explained by two primary reasons: 1. delays in oscilloscope

triggering (Hoar and Stokoe, 1978), and 2. nonuniform soil condi-

tions. Since direct velocities depend upon ab .olute time, any delays

between initiating and recording the wave will affect the wave

velocity, as will any effects between the initiating point and the

recording point. On the other hand, interval velocities depend

only upon relative time or the time difference that a wave takes to

travel between two points away from the source. Any time delays

or soils changes between the source and first recording point do

not affect an interval velocity measurement. Only variations in

soil properties and soil-receiver coupling between the two measure-

-* ment points affect interval velocity.

Triggering delays occur when the oscilloscope begins to

record the waveform some finite time after the wave has actually

been generated. This delay reduces the measured travel time and

so, in effect, increases the apparent wave velocity. Triggering

delays are typically nonuniform and intermittent.

Nonuniform soil density along the wave path will also

cause direct velocities to differ from interval velocities. Wave

velocity is a function of soil stiffness; that is, waves travel

faster in dense or stiff soils and slower in loose or soft soils.

q"
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V- Therefore, should a loose or dense zone of soil occur along the

wave path, the velocity will decrease or increase accordingly.

A loose zone of sand between the hammer and first accelero-

meter appears to be the most likely reason why direct velocities

are lower than interval velocities. This loose zone would affect

direct velocities only, leaving interval velocities unchanged.

Uniform sample density along the boundary of the cube is very

difficult to attain. Further, the intrusion of the source hammers

into the sand sample make it difficult to form a uniform sample

S around the hammers. In addition, small amount of sand leaked from

around both horizontal hammers during testing. Although only a

small amount of sand escaped, it did leak continuously from about

midway through the testing program. This leakage could easily

create a soft zone around both of these hammers. It must be noted

that the leakage of sand caused the east-west hammer to rotate

slightly, which could cause formation of a soft zone in front of

the hammer.

The likelihood of a soft zone around the hammers is

w reinforced by the rate of change of direct velocity with confining

pressure. At the lower confining pressures, a soft zone would be

less significant when considering the average pressure along the

Wtravel path. At higher confining pressures, the significance of

the soft zone would become more important. This is shown in the

direct velocity data with the lower slope for the log V - log a

relationship. As the confining pressure increased, the soft zone
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(which could result from lower stresses around the hammer) increa-

singly lowered the average direct velocity when compared to the

interval velocity.

It was assumed, therefore, that direct velocities do not

properly reflect the material properties. Hence, only interval

velocities were used in this study to evaluate the effects of

mean effective principal stress on shear wave velocity.

6.4.2 Short and Long Intervals

S Three interval velocities were calculated for the shear

waves: 1. between the first and second accelerometers (referred

to herein as a short interval because it is 1.5 ft (0.46 m) in

u length); 2. between the second and third accelerometers (also

referred to as a short interval because it is 1.5 ft (0.46 m)

in length); and 3. between the first and third accelerometers

(referred to as a long interval because it is 3.0 ft (0.92 m) in

length). From analysis of the results, all three interval velocities

agreed quite well.

* Least-squares straight lines were fit to the data from

the short and long intervals, and these lines had almost the same

slopes for the log V - log a relationships. Figure 6.5 shows as o

* comparison between the relationships based on the short and long

intervals for the S NS/EW-wave. This wave displayed the poorest corre-

lation between the short- and long-interval velocities (based on Eq. 6.1,

V pg. 108). As can be seen in the figure, the slope of the log V -S

• iwlll l...
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log u relationships varies from 0.19 for the short intervals to0

0.20 for the long velocity. There was an 11 percent variation in the

dimensionless constant for the least-squares straight lines fitted

to the short and long intervals. There was no test data at 10 psi

(68.9 kPa) in Fig. 6.5a because of equipment problems with the

farthest accelerometer from the source hammer.

The slopes of the log V - log a relationships for the

other five shear waves were identical, and the dimensionless

constants of the realtionships varied by less than four percent.

A comparison between these values based on the short and long

intervals is shown in Table 6.2. The small variation in slopes and

constants indicates that it is unimportant whether short or long

intervals are studied to examine the effect of a on shear wave
0

velocity.

Upon examining Fig. 6.5, one can see that the scatter in

velocities based on the short intervals is greater than the scatter

in velocities based on the long interval. In fact, the standard

deviation is practically halved for the long-interval velocity

when compared to the short-interval velocity. The largest standard

deviation at 15 psi (103.4 kPa) for the S NS/Ew-wave is reduced from

about + 5 percent of the average for the short-interval velocities to
about + 2.2 percent of the average for the long-interval velocities-

Fig. 6.5 represents the data for the shear wave measurements which

exhibited the poorest correlation, and for the other shear wave

measurements thc standard deviation for the long-interval velocities -j

UJ
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is also reduced by a factor of about two from the standard deviation

for the short-interval velocities. This condition stems from the

fact that the shear waves have longer travel times over the long

- interval than the short intervals. When deciding upon arrival times,

the exact time is subject to some interpretation and can vary,

quite realistically, by as much as 0.05 milliseconds. The importance

of this possible discrepancy becomes less important as the total

travel time increases, and thus, the long-interval velocity will

be more stable. Hence, the long interval provides more consistent

shear wave velocity data while the short-interval velocities

provide an idea of the maximum data variance.

For this study, lines were fit to the results of both

interval velocities. Although more confidence was given to the

long-interval velocities because of their stability, both long-

interval and short-interval velocities were plotted. It was felt

that this would be more representative of the experimental scatter

in the shear wave data. Similar numerical results were obtained for

both the short- and long-interval velocites.

6.5 EFFECT OF STRESS HISTORY

Tests with isotropic confinement afforded an opportunity

to study the effect of stress history on shear wave velocity and

to compare these results with resonant column test results performed

on the same sand. The resonant column tests showed that stress

*history has essentially no effect on the shear modulus (and shear

wave velocity) for this sand.
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During testing, several isotropic confining pressures

were repeated to examine how the interval velocity changed. The

repeated pressures included two at 40 psi (275.6 kPa), four at

20 psi (137.8 kPa), and three at 15 psi (103.4 kPa). Figure 6.6

shows the average of all interval velocities at each pressure for

the STB/EW-Wave on a log Vs - log a° plot. This wave was chosen

because it showed the most scatter in the results. As can be seen

in the figure, average interval velocites differed by less than

six percent at any a . This variation is considered quite acceptable
0

for this type of testing. In addition, for the shear wave as a

whole, average interval velocites differed by 3 percent for all test

pressures.

This variance is well within acceptable experimental

scatter for interval velocity and indicates that shear wave velocity

is essentially unaffected by previous stress history. These

results are in agreement with the resonant column tests. Since the

shear wave velocity can be considered independent of stress history,

the data for isotropic confinement was analyzed without regard to

w
stress history.

6.6 EFFECT OF ISOTROPIC CONFINING PRESSURE

The effect of isotropic confinement on wave velocity for

each of the six shear waves is shown in Figs. 6.7, 6.8 and 6.9. For

all cases, a linear variation in the log V - log a relationship
s 0

was assumed, ani a least-squares straight line was fit through the

-
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data. Each figure shows a sloping straight line depicting the

least-squares line. Also shown at the various test pressures are

a circle depicting the average of the test data for that pressure,

a vertical line representing the scatter between the minimum and

maximum values measured at that pressure, and two horizontal lines

on the vertical line representing + one standard deviation from

the average point.

Attempts were also made to fit the data with a polynomial

function, a straight line on a linear scale, an exponential curve,

and a power function. Quite surprisingly, all four approaches

were reasonable in most cases. The power function, however, was

consistently more accurate than the other three functions.

The linear variation of the log V - log ui relationships 0

turned out to be the most appropriate representation. Therefore,

the expression for shear wave velocity as a function of isotropic

pressure can be expressed in the form of (Hardin and Richart, 1963):

V =c I  m (6.1)s lo

where: V = shear wave velocity in fps,s

C = constant,

o = mean effective principal stress in psf, and

m = slope of log V - log a relationship.

The values shown in Table 6.3 were computed for C1 and m for each
1!

shear wave. The coefficient of correlation of the fitted line for

each relationship is also shown in the table. For each of the
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TABLE 6.3

Values of Constants C and m from Eq. 6.1* for1
the Six Different Shear Waves

Shear Wave C M* Coefficient of
Type** C Correlation

(1) (2) (3) (4)

TB/NS 188 0.19 0.89

TB/EW 141 0.22 0.92

NS/TB 210 0.18 0.90

NS/EW 201 0.19 0.89

EW/TB 140 0.22 0.94

EW/NS 224 0.18 0.92

lM

Eq. 6.1: V = C 1 , (with Vs in fps and a in psf)

The first two letters denote the direction of wave propagation,
7and the second two letters denote the direction of particle

motion (TB = top-bottom, NS = north-south, EW = east-west).

V

S

V
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log V - log a relationships, the scatter is less than nine percents 0

from the average to + one standard deviation from the fitted line.

From Table 6.3, shear wave velocity varies with a raised
O

to a power varying from 0.18 to 0.22. This range of m agrees well

with published data, where typically the shear wave velocity varies

with the confining pressure to the 1/5 to 1/4 power with an

approximate experimental scatter in any particular case of about

+ 10 percent (Lawrence, 1968; Hardin and Richart, 1963; Schmertmann,

1978; Roesler, 1978; Hardin and Black, 1966; Wilson and Miller,

1962). In addition, the computed value of m from the cube tests

is similar to the 0.24 value determined from the resonant column

tests performed on the same sand. The difference in m can probably

be attributed to the different technique of sample construction and

the different shear wave used in the resonant column. The value of

m is a function of void ratio and intergranular contacts of the

* °sand, and, hence, it will depend on how the sand samples are

formed. Also, the different shear waves can affect the results

because of structural anisotropy as discussed in Section 6.7.

The value of m does not appear to be constant but to be a

function of the direction of wave travel. This is most likely due

to the structural anisotropy of the sand sample. It is obvious that

there does exist some degree of structural anisotropy within the

sample since the values of C1 vary. If the confining pressure were

equal to one psf (0.05 kPa), the shear wave velocity would be



I

equal to C1 . From Table 6.3 it can be seen that the value of C1

varies from an average value of 184 by + 23 percent.

Even though some degree of anisotropy existed within the

sample, it was desired to fit one general equation through all

shear wave data. The individual shear wave equations from Table 6.?

are shown in Fig. 6.10 and clearly indicate the anisotropy

(discussed in Sect. 6.7). The general equation fit to all this data

is shown in Fig. 6.11 in which the average for all data at each a
o

is shown by the circle with the full scatter and + one standard

deviation also included. In the form of Eq. 6.1, the general

equation can be expressed as:

- 0.20
V = 180 a (6.2)

s 0

Fitting one equation to data which are offset due to structural

anisotropy is reflected in the larger scatter for this equation than

for the individual log Vs - log a° equations. The variation from

the fitted curve at each a to the + one standard deviation is
0

increased to + 8 percent at several test pressures with the
w

maximum scatter in the data of + 18 percent. The reduced accuracy

of Eq. 6.2 in predicting values of V is also reflected in a lowerS

coefficient of correlation of 0.77. It seems apparent that one

equation for the relationship of velocity to confining pressure has

the handicap of being affected by the structural anisotropy of

the sand sample.
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Based on the results shown in Table 6.3, the shear modulus

can be expressed as (Hardin, 1978):

G = C OCR Pa1-n -n (6.3)
G max -0.3 + 0.7e 2  o

where: G = shear modulus in desired units,max

C = constant (dimensionless),

OCR = overconsolidation ratio,

k = factor related to soil plasticity (for sand, k = 0),

Pa = atmospheric pressure in same units as Gm

e = void ratio,

a0 = mean effective principal stress in same units as

G , andmax

n = slope of log G - log a relationship.0

For the cube study, tests were conducted with only a void ratio

of 0.73. Therefore, no conclusions can be drawn on the effects

of void ratio within Eq. 6.3, and hence, the void ratio term is made

a constant. The OCR term for sand becomes one because the

coefficient k is zero since the sand is non-plastic. Equation 6.3

can then be simplified as:

- C 1-n-nG -- n Pa (6.4)
max 0.673 o

An equation of this form was computed for each different shear

wave, and the calculated values of C and n are summarized in

Table 6.4. Hardin (1978) determined values for C and n of 625

and 0.5, respectively, while resonant column tests performed on the
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TABLE 6.4

Values for the Six Different Shear Waves of the
Constant, C, and Slope, n, from Eq. 6.4*

Shear Wave Type** C* n*
(1) (2) (3)

TB/NS 621 0.38

TB/EW 555 0.43

NS/TB 665 0.36

NS/EW 710 0.38

EW/TB 544 0.45

EW/NS 759 0.35

*C 1-n -n
Eq. 6.4: G __ Pa a

max 0.673 o

The first two letters denote the direction of wave pro-
I pagation, and the second two letters denote the direction

of particle motion (TB = top-bottom, NS north-south,
EW = east-west).

w
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sand used in the cube resulted in average values for C of 705 and

for n of 0.48 (see Sect. 4.4.1). These values of C agree quite

well with the calculated C for this study, which ranged from 544

to 759 with an average value of 642 for the six different shear

waves. The calculated value of n for this study, however, was

less than those values determined by either Hardin or the resonant

column test.

6.7 STRUCTURAL ANISOTROPY

U As discussed in the preceeding section, the sand sample in

the triaxial cube has some degree of structural anisotropy. Although

it was hoped that raining the sand into the cube would produce a

nearly isotropic sample, it is obvious that it did not. As other

experimentors have found (Schmertmann, 1978; loesler, 1979) it is

not possible to construct a truly isotropic sand sample.

Structural anisotropy is the inherent anisotropy of the

sand which is caused by the realignment of the sand grains as

they are placed. Since shear wave velocity is a function, in part,

W of the inter-granular contacts between sand grains, particle align-

ment affects V . As the sand was rained into the cube, the sand
s

bucket was swung only in the north-south direction (see Sect. 5.2.1).

V Therefore, sand grains should be aligned differently for the

north-south and east-west directions, both of which will differ

from the top-bottom direction.

U
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To understand how confining pressure affected shear wave

velocity, the degree of sample anisotropy had to be quantified. As

discussed in Section 6.6, the degree of anisotropy is reflected in

the values of C1 and m for each shear wave. Upon examination of

Fig. 6.10, it can be seen that the log V - log 0 relationships5 0

fall into three distinct groups each composed of two different

shear waves. It is interesting to note that the two shear waves in

each wave group have a common plane of motion; that is, the

directions of propagation and particle motion lie in the same plane.

From Fig. 6.10, the plane of motion with the fastest apparent

velocity due to structural anisotropy is the EW-NS plane, the plane

determined by the east-west and north-south axes of the cube as

shown in Fig. 6.12. Similarly the slowest velocities due to

structural anisotropy involve the TB-EW plane of motion. Finally,

the NS-TB plane of motion has an intermediate value of shear wave

velocity.

These three wave groups were used to define the structural

anisotropy of the sand sample. An equation was fit to each group
U

of waves to determine three equations expressing the structural

anisotropy for shear waves in the cube. These equations are shown

in Figs. 6.13, 6.14 and 6.15 by the solid lines. The equations are

also summarized in Table 6.5, following the same form as Eqs. 6.1

and 6.4.

Using these equations, a ratio of shear wave velocities

ffor each plane of motion can be computed as follows:
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TABLE 6.5

Values for the Three Shear Wave Groups of Constants
and Slopes of Eqs. 6.1* and 6.4**

Plane of C m* Coefficient of C** n *

Motion Correlation
(1) (2) (3) (4) (5) (6)

TB-EW 142 0.22 0.89 561 0.44

NS-EW 217 0.18 0.90 708 0.37

TB-NS 199 0.19 0.89 698 0.37

I0

* - m
Eq. 6.1: V = C a o (with V in fps and a in psf).

s 1 o s0
~~~~**C ea- n

Eq. 6.4: G n
max 0.673 Pa

U

U

|,
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V TB-EW o (0.65 a EW-NS (6.5)

NSTB (0.92 a 0.) V (6.6)VNS-B o EW-NS

It is interesting to note that both of these equations involve a

scalar factor and an exponential factor of a . The interdependence

of the directional velocities can be assessed with these equations to

predict how the velocities should vary from one principal plane to

the next.

fa It is interesting to note that for these ratios, the

velocity of the NS-TB plane (the plane along which the bucket was

swung as the cube was filled) and the EW-NS plane (the plane

perpendicular to the direction of fall for the sand) had approxi-

mately the same shear wave velocity, both velocities being larger

than for the TB-EW plane. There is no obvious reason for the pattern,

although it may be explained, in part, by the directions of sand

placement as the cube was filled.

6.8 SHEAR WAVE CHARACTERISTICS

V

6.8.1 Predominant Frequency

Predominant frequencies were calculated for the first

quarter cycle, first half cycle, and the first three-quarter cycle

of particle motion. Frequency values typically ranged from 1000

to 1500 Hz, with frequencies as low as 700 Hz and as high as 2300 Hz

recorded.
V
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Values of frequency were higher for the first quarter cycle

than the first half cycle. The three-quarter-cycle frequency was

the average of these two values because of the method used to

calculate this frequency. No apparent pattern of frequency change

occurred with time, nor was the frequency dependent on the test

pressure since there was no pattern in the calculated frequencies.

The frequency did depend on how the source hammer was struck. This

was particularly apparent for some waves where the reversals showed

considerable difference in frequency from the non-reversed waves,

although the interval velocities agreed quite well.

Since the frequencies were less than 2500 Hz for this sand,

it can be assumed that the frequency of vibration had no effect on

V (Hardin and Drnevich, 19 7 2a).

6.8.2 Wavelength

Wavelengths for the shear waves, based on the predominant

frequency, f, and shear velocity, Vs, can be expressed as:

V
A = S(6.7)

f

where: X = shear wavelength.

Calculated values ranged from 0.50 ft (0.15 m) to 1.5 ft (0.46 m).

Since frequencies were not observed to change through the course of

the testing program (due to time or confining pressure variations),

it can be concluded that the wavelength increased as the shear wave

velocity increased.

I
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The shear wavelength was less than the distance from the

source to the first accelerometer. Therefore, it can be assumed

at least one cycle of motion occurred before the shear wave

encountered the first accelerometer. Further, since wavelengths

were typically greater than seven times the accelerometer block width,

it can be assumed that the accelerometer blocks themselves did not

alter the measured shear waves by acting as a boundary. Finally,

since the shear wavelength is less than the distance from the far

cube face to the third accelerometer, there was no interference to

the recorded wave due to wave reflections. This was shown in the

wave records, whereas the reflected shear wave was observed at the

last accelerometer some finite time after the generated shear wave

had been completely recorded, as shown in Fig. 6.16. As can be seen

!- this figure, there is no interference on the initial wave arrival

from the reflected shear wave.

6.8.3 Shearing Strain Amplitude

Shearing strain amplitude was also computed in this study.

Shearing strain amplitude, y, can easily be determined from the

frequence, f, particle acceleration, i, and shear wave velocity, Vs,

if a plane wave assumption is made. By assuming harmonic motion,

the strain amplitude is:

y = s  (6.8)

and

= (2 fvs)

' % l I I i IB
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where: = shearing strain amplitude,

= particle velocity in ft/sec,

= particle acceleration in ft/sec
2

f = frequency in Hertz, and

V = shear wave velocity in ft/sec.S

Calculations based on Eq. 6.8 showed that shearing strain amplitudes

ranged from 2 x 10- 5 percent to 3 x 10- 4 percent. Based on these

values, the assumption that only small strain testing would occur

in determining the shear wave velocities is reasonable as shown

by the laboratory resonant column tests (see Sect. 4.4). Therefore,

shear wave velocity can be assumed to be independent of the amplitude

of the impulse and distance of travel to the accelerometer for

any given confining pressure. It should be remembered, however,

that these calculations are only approximations because of the plane

wave assumption, but they do show that testing was performed in

the small-strain range where dynamic properties are essentially

independent of strain amplitude and strain rate.

w6.9 SU\ARY AND CONCLUSIONS

Although a truly isotropic state of stress was desired,

the presence of inherent pressure gradients permitted this condition

* on only the horizontal plane at the mid-height of the cube sample.

Examination of the pressure variations between accelerometers showed

a + 10 percent difference between the ideal isotropic confining

* pressure of 10 psi (68.9 kPa) and the actual stress conditions along
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the shear wave travel path. This error was reduced to + 2.5 percent

for an ideal confining pressure of 40 psi (275.6 kPa). Because of

these small differences, an isotropic state of confinement was

assumed.

During the testing program, six different shear waves

were generated. The six waves were based on the various combinations

of directions of wave propagation and particle motion. Wave

reversals were recorded for all shear waves to aid in identification

of initial arrivals and both direct and interval velocities were

determined.

In comparing direct and interval velocities, it was

determined that direct velocities were incorrect due to triggering

delays, nonuniform soil conditions, and a loose zone around the

source hammer during testing. On the other hand, interval velocities

were not affected by these variables. Interval velocities were

measured over short (1.5 ft; 0.46 m) and long (3.0 ft; 0.92 m)

intervals. It was found that short-interval velocities were

representative of the maximum experimental scatter while long-interval

velocities were more reliable and exhibited less scatter. However,

there was no difference in the least-squares lines fit to the short-

and long-interval velocities to evaluate the average effect of

u on V
0 s

In examining the effect of g on shear wave velocity, a
0

linear relationship was found to exist between log V and log 00.
V
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The slope of the log V - log o relationship varied from 0.18s 0

to 0.22 and agrees quite well with published data. However, this

value of the slope is somewhat lower than the resonant column

results (slope = 0.24) performed on this same sand. Equations were

developed for each shear wave and a general equation was

developed for all shear waves to express the effect of a on V .

It was concluded that the equations for each shear wave are more

accurate than the general equation because of structural anisotropy

within the sand sample. Upon analyzing the structural anisotropy

of the sample, the shear waves exhibited an anisotropic nature

determined by the plane containing the shear wave. No effect of

stress history were found for this sand.

Shear waves had predominant frequencies of from 1000 to

1500 Hz, wavelengths of from 0.50 to 1.5 ft (0.15 to 0.46 m),

and shearing strain amplitudes of less than 3 x 10-4 percent. All

these values are acceptable within the framework used to analyze the

data.

U .. .
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CHAPTER SEVEN

BIAXIAL CONFINEMENT

7.1 INTRODUCTION

Testing was performed for the case of biaxial confine-

ment (oI > a2 = G3) to examine, in more detail, the effect of state

of stress on shear wave velocity. During the course of this phase

of testing, three different series of biaxial tests were performed.

The test series were designed to study: 1. the variation of Vs
WS

under a constant iean effective principal stress with a varying

deviatoric stress component, 2. the importance on V of each
s

stress component with respect to direction of wave propagation,

direction of particle motion, and the out-of-plane direction, and

3. the effect of the structural anisotropy on V under biaxial
s

loading. Shear wave velocities were examined from all tests to

study and to quantify each of these effects. In this chapter, the

biaxial states of stress are briefly reviewed, and the variation

of V with biaxial confinement and structural anisotropy are
W5

summarized.

7.2 BIAXIAL STATES OF STRESS

W To obtain the condition of biaxial confinement, the major

effective principal stress, al. was applied along one axis of the

cube,and the minor effective principal stress, a31 was applied

V
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'1

along the remaining two axes. Typically, the major principal

stress was oriented in the top-bottom (vertical) direction.

However, for the biaxial test series which was designed to study

structural anisotropy of the sand, a1 was rotated to the north-south

axis of the cube.

7.2.1 Notation of Stress Components

For isotropic confinement, the principal stresses were

all equal. Therefore, the stress in the direction of wave

propagation was the same as the stress in the direction of particle

motion which was also the same as the stress in the out-of-plane

direction (the third axis perpendicular to the plane containing

the propagation and particle motion directions). As a result,

attention could not be directed in isotropic confinement to

investigating the effect on V of the stress components along thes

J various axes.

For biaxial confinement, the principal stresses were no

longer all the same, and the effect of the stress components on

w V could be investigated. It was necessary, therefore, to develops

a notation to describe the directions of the principal stresses

relative to the directions of the motions associated with the

W shear waves. This was accomplished by expressing the effective

principal stresses as:

a = effective principal stress in the direction of wave
a

* propagation,
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b = effective principal stress in the direction of

particle motion, and

a = effective principal stress in the out-of-planec

direction (the direction perpendicular to the a anda

ab directions).

This stress notation is illustrated in Fig. 7.1 for a shear wave

propagating in the top-bottom direction with particle motion

polarized in the north-south direction, an STB/NS -wave.

Each of the six different shear waves has its own

orientation with respect to the cube axes, as indicated by the

notation used to describe the shear wave types: S TB/NS, STB/EW

SNS/EW' SNS/TB' SEW/TB' SEW/NS . The notation used to describe

the type of shear wave is correlated with the stress components as

shown in Table 7.1 for one state of biaxial confinement. The

stress in the direction of the first two subscripted letters in

the shear wave type (TB, NS or EW) is a . The stress in thea

direction of the second two subscripted letters used to describe

the shear wave is a The stress in the direction not appearing

in the shear wave type is a . Since one of the purposes of thisc

study is to examine how the stress component in any direction

influences Vs, these designations of J a a and a will be used
q

quite often for biaxial confinement and also for triaxial confine-

ment discussed in Chapter 8.
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top-bottom Direction of Wave Propagation

sr Direction of Particle

Mo t ion

east-west

3

In this case:

(a = I

0 a 0I

b c 3

Fig. 7.1 - Illustration of Notation Used to Describe
Directions of Effective Principal Stresses
Relative to Shear Wave Motions

w
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TABLE 7.1

Stress Components for the Six Different Shear Waves
for One State of Biaxial Confinement*

Shear Wave Type** a aba bc

psi psi psi
(1) (2) (3) (4)

TB/NS 40 15 15

TB/EW 40 15 15

NS/TB 15 40 15

NS/EW 15 15 40

EW/TB 15 40 15

EW/NS 15 15 40

Confinement State: i = 40 psi (top-bottom axis)

03 = 15 psi (north-south and east-west

axes)

The first two letters denote the direction of wave
propagation and the second two letters denote the direction

* of particle motion (TB top-bottom, NS = north-south,
EW east-west).

SI

-- U • i , ' a a i .. |
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p -,

7.2.2 Patterns of Stress Variation

The variation in stresses for the three biaxial confine-

ment series followed one of two general patterns. In the first

pattern, one of the principal stresses ( 1 or o3) was varied while

the remaining principal stress was held constant. This method of

stress variation is referred to as biaxial confinement with a

variable mean effective principal stress. By varying the state

of stress in this manner, the effect on V of the stress components

0 relative to the wave motion directions was studied.

The variation of the stress components relative to wave

motions for loading with a varying mean effective principal stress

is shown in the first three rows in Table 7.2. Rows one and three

describe those tests where only ai was varied so that the effect

of stress in only one direction was isolated and studied in detail.

For row one in Table 7.2, where the varying a1 was oriented in the

top-bottom (vertical) dicection and a constant a3 was oriented along

the two remaining axes of the cube, the S TB/NS-wave reflected the

* effect on V of a alone, since only the stress in the directions a

of wave propagation was changing. Both ab and a remained constant

for this case.

* For the series in which structural anisotropy was

investigated (row three, Table 7.2) with a now varied along the

north-south axis of the cube, the same S TB/Ns-wave reflected the

effect on V of a b alone, since the stress in the direction of
s m

particle motion was now changing.

w . . ..
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For those tests where only a3 was varied (row two in

Table 7.2), the influence of the stress components on V could nots

be individually studied. Because a3 was applied along two cube

axes, changing a 3 varied two stress components at the same time.

For a 3 varying along the north-south and east-west axes of the cube,

the S TB/NS-wave reflected the effect of both a b and , because

only a remained constant. Therefore a combined influence of aba

and a would be reflected in the variation of V for this shear
c s

wave.

The second pattern of stress variation involved changing

both principal stresses simultaneously, while maintaining a

constant mean effective principal stress, and is, therefore,

referred to as biaxial loading with a constant mean effective

principal stress. This stress pattern allowed V to be examined

for constant a but with increasing levels of shear stress. The
o

shear stress was a result of the stress difference between the

major and minor principal stresses. Since both a and a3 varied,

all stress components were changing, and hence, the stress

components could not be studied individually. The combined

influence of all the stress components is reflected in the variation

of V5.s

7.2.3 Review of Simplifications and Data Analysis

As with isotropic confinement, the selected biaxial

state of stress existed only on the horizontal plane at the mid-
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height of the cube. This was due to inherent pressure gradients

in the triaxial cube. These pressure gradients were ignored

because of their small mathematical significance on V ass

discussed in Section 6.2.

Data analysis for biaxial confinement was the same as for

isotropic confinement. Shear wave velocity is based upon the

combination of short-interval and long-interval measurements

because this approach yields the most representative experimental

scatter. As with isotropic confinement, direct velocities were
S

discarded as being unrepresentative of V (see Section 6.3).
s

A complete set of recorded waveforms, data input and

resultant computer output for a representative test is included as

Appendix D.

7.3 TESTING WITH A VARIABLE MEAN EFFECTIVE PRINCIPAL STRESS

Two series of tests were conducted with biaxial confine-

ment in which the mean effective principal stress varied. The

first series was designed to study the effect on Vs of the stress

components in the directions of propagation, particle motion, and

out-of-plane. The second series, presented in this section and in

Section 7.4, was performed to examine the effect of structural

* anisotropy.

The first biaxial series began at an isotropic confining

pressure of 15 psi (103.4 kPa). The vertical stress, a., was then

* increased in 5-psi (34.5 kPa) increments to 40 psi (275.6 kPa)

U

]1



139

while 3 was held constant. The two horizontal stresses, a3

were then increased in 5-psi (34.5 kPa) increments until an

isotropic confinement of 40 psi (275.6 kPa) was reached. Shear

wave velocity measurements were conducted after each incremental

change in pressure. Table B.I shows these tests as numbers 24

through 29 and 39 through 44, and the load history of the three

principal axes can be seen in Fig. B.1 during the time of August 6

through August 11, 1981.

The complete biaxial series was then reversed to evaluate

any effect of stress history on the sample. These tests are

listed in Table B.1 as numbers 29 through 39, and the load history

can be seen in Fig. B.1 during the time of August 6 through

August 10, 1981. The principal stress ratio, KI3 defined as:

a
K13 (7.1)

a 3

ranged for these tests from 1.0 tp 2.67.

The second biaxial test series also began at an isotropic

confining pressure of 15 psi (103.4 kPa). For this test series,

however, C1 was re-oriented along the north-south axis. The major

principal stress was increased from 15 to 40 psi (103.4 to

275.6 kPa) in 5-psi (34.5 kPa) increments while the top-bottom

and east-west axis were maintained at a constant a3* Tests were

performed at 5-psi (34.5 kPa) increments in al' as shown in

Table B.1 by test numbers 56 through 61. This load history can be

V
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seen in Fig. B.1 during the time of August 17 and August 18, 1981.

The principal stress ratio, KI3 for these tests also ranged from

1.0 to 2.67.

7.3.1 Effect of Each Stress Component on Vs

To examine how each stress component affects VS, a

variation of Eq. 6.1 was developed as (after Roesler (1979)):

- ma - mb - mc (7.2)a c

u where: C1 = constant

ma = slope of log Vs - log Ca relationship,

mb = slope of log Vs - log ab relationship, and

mc = slope of log V - log a relationship.s c

In this equation, the mean effective principal stress is replaced

by the stress components (expressed in psf) for shear wave motion.

Ideally, the sum of the slopes for each stress component (ma + mb +

mc) should equal the slope m in Eq. 6.1 (slope of the log V -s

log a relationship for isotropic confinement) for each shear wave

U type. The constant, C, represents the physical characteristics of

the sand used in testing, including the structural anisotropy of

the sand sample.

For biaxial confinement, it was decided to solve Eq. 7.2

for each plane of motion (NS-EW, TB-NS, TB-EW) rather than for

each of the six different shear waves. This was done because the

structural anisotropy study for isotropic confinement showed that

qI
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P 1 the six shear waves could be paired into three wave groups with

similar planes of motion (see Fig. 6.12). Therefore, a total of

nine slopes (three values for each ma, mb, and mc) are required

for the three planes of motion.

7.3.2 Effect of Principal Stress in Direction of Wave Propagation

The first thing studied in the biaxial series was how

aa affected V s. To evaluate the effect of a , only the stress

component in the direction of wave propagation must vary. If more

than one stress component is varied, then there is a cumulative
U

effect on V , and the relationship of the individual stress

component and V is not directly determined.
s

Those biaxial tests where the effect of a on V could
a s

be isolated involved varying only a V With a oriented along the

top-bottom axis, tests were performed for both loading and

unloading pressure variations for the TB-NS and TB-EW planes of

motion. These results are shown in Figs. 7.2 and 7.3. Each figure

shows a sloping straight line depicting the least-squares line.

Also shown at the various pressures are a circle depicting the
w

average of all test data for that pressure, a vertical line

representing the scatter between the minimum and maximum values

measured at that pressure, and two horizontal lines on the vertical
S

line representing + one standard deviation from the average point.

For a1 oriented along the north-south axis of the cube

(to examine structural anisotropy), tests were only performed for
S

-w .. .. ." I
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a loading pressure sequence. The loading data are shown in Fig. 7.4

for this test, in which only al varied for the NS-TB and NS-EW

planes of motion.

The results of the variation in Vs with aa (rb = cc

constant) are summarized in Table 7.3, based on a least-squares

fit to the data in Figs. 7.2, 7.3, and 7.4. From Table 7.3, the

slope of the log Vs - log ua relationship varies from 0.10 to 0.13

for all three wave groups. This variation in slope is well within

the expected experimental scatter, and there are no apparent effects

of structural anisotropy or stress history.

7.3.3 Effect of Principal Stress in Direction of Particle Motion

In a manner similar to that used to study the log V -

s

log a relationship, those tests in which only al varied were used

to examine the effect on Vs of ab* For 1 oriented along the top-

bottom axis of the cube, the log V - log ab relationship for the

TB-NS and TB-EW planes of motion are shown in Figs. 7.5 and 7.6,

respectively, for both loading and unloading sequences. With a1

oriented along the north-south axis of the cube, Fig. 7.7 shows

the effect on V of ab for the TB-NS and EW-NS planes of motions b

for loading only. On all four of these figures are included the

average of all interval velocity data for any test pressure, as

well as the minimum and maximum values of the data and + one

standard deviation from the average at each pressure.

Lp
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TABLE 7.3

Effect on V of Principal Stress in Directions
of Wave Propagation for Biaxial Confinement

Slope of Log V - Log a Relationship*
s a

Plane of Motion Loading Unloading Average
ma ma ma

(1) (2) (3) (4)

TB-NS 0.10 0.12 0.11

TB-EW 0.12 0.12 0.12
U

NS-EW 0.13 ** **

* -ma -mb- mc
Eq. 7.2: V C bs a b c

Not determined because only performed loading pressure sequence.
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A summary of the log V - log ab relationships shown in

Figs. 7.4, 7.5, and 7.6 are summarized in Table 7.4. Using a

least-squares fit, the value of mb varies from 0.09 to 0.12 for the

three wave groups. Stress history has no apparent effect on mb in

that similar values were measured for both loading and unloading

test sequences. Similarly, structural anisotropy had no apparent

effect on the shear waves contained in any plane of motion. In

general the values of mb are equal to or slightly less than the

values of ma obtained in Section 7.3.2. This would tend to

indicate that for this sand the shear wave velocity is equally

dependent on the principal stresses in the directions of wave

propagation and particle motion.

7.3.4 Effect of Principal Stress in the Out-of-Plane Direction

The last stress component studied was a , the principal

stress in the out-of-plane direction. As with a and -bp the

results presented are for those tests where only a1 varied, and

therefore, only a varied. Figure 7.8 shows the log V - log a
c s c

relationship for the NS-EW plane of motion for the loading and

unloading pressure sequences. For this figure, ol. was oriented

along the top-bottom axis of the cube. Figure 7.9 shows the

log V - log a relationship for the TB-EW plane of motion for

those tests with a1 oriented along the north-south axis of the

cube.

W
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TABLE 7.4

Effect on V of Principal Stress in Direction
of Particle Motion for Biaxial Confinement

Slope of log Vs - log ab Relationship*

Plane of Motion Loading Unloading Average

mb mb mb

(1) (2) (3) (4)

TB-NS 0.11 0.10 0.10

TB-EW 0.12 0.12 0.12

NS-EW 0.09 ** **

* - ma - mb - mc
Eq. 7.2: V = CI  m bm c

s a c

Not determined because only performed loading pressure
LWI sequence.

w
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r
The results of the least-square fit of the data for yc

are summarized in Table 7.5. As seen in this table, the value of

mc for the TB-EW plane of motion was slightly less than zero while

the value of mc for the NS-EW plane of motion was slightly greater

than zero. These small values of mc indicate that the shear wave

velocity depends very little on the principal stress in the out-of-

plane direction. As with a and -b" stress history had no apparent

effect on the value of mc.

7.3.5 Summary of Effect of Principal Stresses on V

The values of ma, mb, and mc, presented in Tables 7.3,

7.4, and 7.5, respectively, are incomplete. Values were not given

for all planes of motion and for unloading portions of certain

tests. This stems from the fact that in these initial tests not

all the possible combinations of stress components and planes of

motion had shear wave tests performed on them where only one

principal stress varied.

To determine the complete set of values for ma, mb, and

mc, the test series performed with an increasing a3 (whle a1

remained constant) had to be used. For this test series with a

variable a3P two stress components were changing. The use of

* this test series, therefore, involved the implicit assumption that

one of the two changing stress components is known so that the

other component can be determined. For the calculations in this

* section, one of the stress components was assumed (based on the

'4'1
-w
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TABLE 7.5

Effect on V of Principal Stress in Out-of-Plane
Direction for Biaxial Confinement

Slope of log V - log a Relationship*
S c

Plane of Motion Loading Unloading Overall
mc mc mc

(1) (2) (3) (4)

TB-NS ** ** **

TB-EW -0.01 ** **

NS-EW 0.01 0.01 0.01

* - ma - mb - mc
Eq. 7.2: V = C 1 a b  as la c

*-*

Not determined because only performed loading sequence
or because stress component not varied for this plane
of motion.

U
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previous sections), and the other stress components were calculated

based on a least-squares fit. The assumption was made that ma was

equal to mb. That is, the shear wave velocity was equally affected

by the stress in the direction of propagation and particle motion.

The values determined for ma, mb, and mc are summarized in

Table 7.6.

Once the various values of the slopes were evaluated,

the constant CI for Eq. 7.2 was determined for each plane of

motion. This was accomplished by dividing the measured shear
w

wave velocity for each test pressure by the three principal

stress components for that test pressure raised to the appropriate

power. The value of C for each plane of motion is also summarized

in Table 7.6. The values of CI reflect the physical character-

istics of the sand used in the testing as well as the anisotropic

nature of the sample (see Section 7.4.).

Based on the table, it is clear that each stress

component does not contribute equally to the shear wave velocity

for these body waves. The principal stresses in the directions

of wave propagation and particle motion are dominant. It appears

for this sand that the principal stresses in these directions

can be assumed to contribute equally to the shear wave velocity.
U

The principal stress in the out-of-plane direction affects the

shear wave velocity very little and can be neglected.

S
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TABLE 7.6

Summary of Effects on V of Orientation of Principal
Stresses Relative fo Planes of Motion for

Biaxial Confinement

Variable in Plane of
Equation 7.2* Motion Loading Unloading Average

(1) (2) (3) (4) (5)

ma TB-NS 0.10 0.12 0.10

TB-EW 0.13 0.11 0.12

NS-EW 0.10 0.09 0.09

* mb TB-NS 0.11 0.10 0.10

TB-EW 0.11 0.11 0.11

NS-EW 0.09 0.09 0.09

mc TB-NS -0.01 -0.01 -0.01

TB-EW -0.01 -0.01 -0.01

NS-EW 0.01 0.01 0.01

Cl** TB-NS 181 168 180

TB-EW 113 145 132

NS-EW 185 204 201

* -ma- mb- mc
Eq. 7.2: V = C 1 ( b  cs 1a b c

** f3-t
ft where t ma + mb + mc

sec 1b-

S
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For all stress components, stress history has no marked

effect on the values in Table 7.6. Therefore, stress history

can be ignored for the case of biaxial confinement.

In comparing the V - stress-component relationships
s

developed from this data with those obtained by Roesler (1979),

there is a clear similarity. In both experiments, the stress

component in the out-of-plane direction was found not to affect

the shear wave velocity and, hence, could be ignored. Although

absolute numbers are not important (due to the difference in

sand samples), Roesler found that the stress component in the

direction of wave propagation was more dominant than the component

in the direction of particle motion (ma equal to 0.1-5 versus mb

equal to 0.11). For this study, these two stress components were

determined to affect the shear wave velocity almost equally, with

the average slopes ranging for ma from 0.09 to 0.12, and for mb

from 0.09 to 0.11.

A k %parison can be made between the values of the sum

of the slopes (ma + mb + mc) and CI for biaxial confinement with

the comparable values for isotropic confinement. Table 7.7

summarizes the values of these variables for each plane of motion

for both isotropic and biaxial states of stress. As can be seen

in the table, the results for both states of stress are in good

agreement. For any plane of motion, the values of C1 a1e within

10 percent of the average for the isotropic and biaxial states

of stress. The sum of the stress-component exponents for biaxial
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TABLE 7.7

Comparison of the Effect of Principal Stresses on Shear Wave
Velocity for Isotropic and Biaxial Confinement States

Type of log Vs - log a Relationship*

Plane of Motion Confinement (ma+mb+mc) ft (3-t) **
or CI (
_ __m 1 sec lb

t

(1) (2) (3) (4)

TB-NS Biaxial 0.20 180

Isotropic 0.18 217

* TB-EW Biaxial 0.23 132

Isotropic 0.22 142

NS-EW Biaxial 0.19 201

Isotropic 0.19 199

* -ma - mb - mc
Eq. 7.2 for biaxial confinement: Vs = C1 a b 0c

Eq. 6.1 for isotropic confinement: V = CI -Yms 1o

t m for isotropic confinement or (ma + mb + mc) for
biaxial confinement

Ui



RD-R128 426 EFFECT OF STATE OF STRESS ON VELOCITY OF LON-RMPLITUDESHEAR NAVES PROPAG..(U) TEXRS UNIV AT AUSTIN
GEOTECHNICAL ENGINEERING CENTER D P KNOX ET AL. MAR 82

UNCLRSSIFIED GR82-23 RFOSR-TR-82-8988 AFOSR-88-903i F/G 28/11 NLEIIIIIIIIIIIE
IIIIIIIIIIIIIE
EIIIIIIIIIIII
EIIIIIIIIIIIIE
lllllllllIhihE
llllllhllhlllI
E/l//II////llE



2 IQ- 9&. = 0

11111'.25 L 1
i

MICROCOPY RESOLUTION TEST CHART '

MICROCOPY RESOLUTION TEST CHART NATIONAL BUREAU OF STANOAROS-1963-A
NATIONAL BUREAU Of STANDARDS- 1963-A

1j.-

1111 10 ~ 12. 112.5
= I"

iBi _ . __ [
l1.8In IIJI5 11111l. 11111.

MICROCOPY RESOLUTION TEST CHART 
f7

NATIONAL BUREAU OF STANOARDS-1963-A -

15.0
I4-1 111112.0

1 1111± II211511'=-

MICROCOPY RESOLUTION TEST CHART MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-1963-A NATIONAL BUREAU OF STANDARO-1963-A

V

*/J~ .- ~ -- - - -.- - lk . -.- I j,



160

confinement are also within 10 percent of the value of the slope

of the log V - log 0 relationship for isotropic confinement.s 0

The 10 percent difference in values can be attributed to

experimental scatter in this study. Therefore, a good correla-

tion was determined for the various factors affecting shear wave

velocity for both isotropic and biaxial states of stress.

7.3.6 Comparison Between Measured and Predicted Shear Wave
Velocities

To estimate how accurately the equations developed in

Table 7.6 predict shear wave velocity, measured values of Vs were

compared with predicted values. This was done for the biaxial

series where a3 varied for the east-west and north-south axes of

the cube, while a1 remained constant for the top-bottom axis.

The comparison was made for the three planes of motion and for

the two shear wave types determined by each respective plane.

Hence, for the TB-NS plane, both the S TB/N S- and S Ns/TB-waves

were compared.

The comparison between measured and predicted shear

wave velocities was done in two ways. In the first method,

measured data for each test pressure (average, + one standard

deviation, and minimum and maximum values of the data) was shown

on a plot of log V versus log O3, where 03 equalled the varying

principal stress components. The predicted shear wave velocity

was included in the plot as a solid straight line based on the

emequations for each plane of motion shown in Table 7.6.-

Um
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The second method of comparison involved the division of

the measured V by the predicted V to obtain a ratio. A value for5 s

this ratio of one would indicate an exact correlation between

these two values of V . The ratio was determined for the average,
s

+ one standard deviation from the average and the minimum and

maximum data points for the measured data at each test pressure.

The results of these comparisons are shown in Figs. 7.10

through 7.15. Based on these figures, the ratio of measured to

predicted V for + one standard deviation typically ranges from
5

0.95 to 1.05, although for the NS-EW plane of motion the values

range from 0.90 to 1.14. These close comparisons indicate that

the equations predict measured shear wave velocities within about

+ 10 percent for each plane of motion. This difference between

measured and predicted values of V is well within tolerable limitss

and is consistent with the + 10 percent variance present throughout

this study due to experimental scatter. The results of the

comparison of values of V show good agreement and indicate thats

the equations developed in Table 7.6 can be used to predict Vs for

this sand with sufficient accuracy.

7.3.7 Effect of Principal Stresses on Shear Modulus

Based on the results presented in Table 7.6, the shearV

modulus can be expressed in a simplified form as (after Hardin

(1978)):

= C pal-(na+nb+nc) - na - nb - nc (73)
Gmax 0.673 Pa b c

W
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where: G = shear modulus in desired units,max

C = dimensionless constant,

na = slope of log G - log a relationship,
max a

nb = slope of log G - log 0b relationship,

• nc = slope of log G - log o relationship,
max c

Pa = atmospheric pressure in same units as Gm

u = effective principal stress in direction of wave
a

propagation in same units as Gm

ab = effective principal stress in direction of particle

motion in same units as G , and

c = effective principal stress in out-of-plane direction

in same units as G
7max

The shear modulus is related to the shear wave velocity as:

G =  V 2 (7.4)g s

where: y = unit weight of material, and

2 2
g = acceleration of gravity (32.17 ft/sec2; 9.81 m/sec2).

It follows then that the slope of the log G - log a relationship

is directly related to the slope of the corresponding log V -
s

log a relationship. The second-power relationship between G and

V can be extended to the exponents by exponential multiplication5
q

so that the n-value exponents are equal to twice the value of the

m-value exponents.

Equation 7.3 was evaluated for each plane of motion,
U

and the results are presented in Table 7.8. The sum of the slopes

V
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TABLE 7.8

Effect on G axof 0rientption of Principal Stresses
RelatT~e to Planes of Motion Associated

with the Shear Wave

Plane of Motion na* nb* nc* C* na+nb+nc*

(1) (2) (3) (4) (5) (6)

TB-NS 0.20 0.20 0.00 668 0.40

TB-EW 0.24 0.22 0.00 569 0.46

NS-EW 0.18 0.18 -0.02 711 038

*C l-(na+nb+nc) - na -nb -nc

Eq. 7.3: G Pa a G CY
max 0.673 a b c

Op

W
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for the stress components (na+nb+nc) was included to compare with

the resonant column tests performed on the sand. In all cases,

the sum of the slopes is less than the slope of 0.48 determined from

the resonant column tests. However, the sum of slopes for biaxial

confinement compare quite well with the slope n for the log G -

lug a relationship for isotropic confinement in the cube. The
0

difference between the laboratory resonant column tests and the

cube results could be explained by a difference in either testing

procedures or the sand sample being tested. The reason or

reasons, however, are unknown.

7.4 STRUCTURAL ANISOTROPY

Since it was determined for isotropic confinement that

the sand sample had some degree of structural anisotropy (see

Section 6.7) it was decided to re-examine the structural anisotropy

for biaxial confinement. Structural anisotropy is the inherent

anisotropy of the sand caused by the realignment of the sand grains

as they are placed. Due to the difference in placement of the sand

* for each axis of the cube, it was expected that some degree of

anisotropy would be present in the sample.

The structural anisotropy was analyzed for each of the

* three planes of motion, using the equations summarized in Table 7.6.

Based on these equations, a ratio of shear wave velocities for

each plane of motion can be computed as follows:

Vt

Vt
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VTB-EW= (0.66 0.03 b 0.02 0.01 (7.5)

- - 0.01 -0.01)V
VNTBE (.8W ~ a c

aNSTB  (0.89 aO'l b c- EW-NS (7.6)

As with isotropic confinement, these equations involve a scalar

factor and an exponential factor for each stress component.

It is interesting to note that the sum of the exponents

for biaxial confinement correspond exactly to the exponents for

isotropiP confinement from Eqs. 6.5 and 6.6. The exponents for

biaxial confinement, however, incorporate a negative exponent.

Th-is negative exponent was not made zero since these equations are

used to interrelate the planes of motion and not used to predict

shear wave velocity. The scalar factors for biaxial confinement

also correspond almost exactly to the scalar values for isotropic

confinement.

The sum of the slopes for Eqs. 7.5 and 7.6 vary from 0.01

to 0.04 while the constant term varies from 0.66 to 0.89. This

variance in the parameters amounts to a 20 percent scatter in the

values of V among the three planes of motion. Although the valuesw s

of the terms used to calculate V vary with each plane of motion,5

the relationships between these terms does not vary among the planes.

That is, the domination of V by the directions oi wave propagation

and particle motion and the insignificance of the out-of-plane

direction on V does not change due to the structural anisotropy.s5

-

wI
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Although the absolute values of CI, ma, mb and mc vary for each

plane of motion, the general relationships between them is not

changed by the structural anisotropy.

Therefore, the results show that the effect of structural

anisotropy for this study has little effect on the log V - log as

relationships for each principal stress component among the three

planes of motion. Hence, calculations can be performed and similar

trends expected for the effect on V of the stress components fors

each plane of motion, provided only shear waves within the respective

plane of motion are used. The effect of structural anisotropy can

be ignored within any one plane of motion, although the slight

variance of V due to structural anisotropy must be accounted for

when the comparison is made between planes of motion.

7.5 TESTING WITH A CONSTANT MEAN EFFECTIVE PRINCIPAL STRESS

One biaxial series was conducted in which the mean

effective principal stress remained constant. This test was

designed to: 1. study the variation of V under a constant means

q effective principal stress with a varying shearing stress component,

and 2. provide additional shear wave velocity measurements to

verify the validity of the expressions developed to predict shear

wave velocity.

The series began at an isotropic confining pressure of

20 psi (137.8 kPa). The top-bottom principal stress, u1 , was

then increased in two-psi (13.8 kPa) increments while at the same

I
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time the side stresses, a 9were decree : d in one-psi (6.9 kPa)

increments. Tests were performed after each incremental change in

stress. The top-bottom stress, a1, was increased to a maximum

'L. of 32 psi (220.5 kPa) with a corresponding minimum value of a 3 of

14 psi (96. 5 kPa) .

At all times the sum of the principal stresses, a0

remained constant at 20 psi (137.8 kPa). This value for a 0of

20 psi (137.8 kPa) was chosen because it was about one-half of the

maximum possible confining pressure for the cube. As a result,

a reasonable range for K13 was possible without: 1. a I exceeding

the design pressure of the cube, and 2. Mohr's circle formed by

a 1 and ar3 touching the failure envelope for this sand with the

resultant shearing stresses failing the sample. Figure 7.16 shows

the variation of a01 and a 3for this test series along with the

resultant shearing stress levels and the variations in K13 which

ranged from 1.0 to 3.0.

As the series continued, the stresses were decreased

back to the isotropic confinement of 20 psi (137.8 kPa) with

W
several tests conducted to examine the-effect of stress history.

Subsequently, al was increased once again, this time to a maximum

value of 36 psi (248.0 kPa) with the necessary a03 of 12 psi

(82.7 kPa). This was the final test conducted in this series, with

intermittent triaxial confinement tests conducted during and after

the biaxial tests. The complete biaxial series included tests 4A

i-9
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through 13, 15, and 20 listed in Table B.I. The load history

for these tests is shown in Fig. B.1 between the dates of July 7,

1981 and August 5, 1981.

7.5.1 Effect of Shearing Stress with Constant a
o

As stated, one of the primary purposes of this test

series was to examine the effect on V of shearing stress whens

testing at a constant mean effective principal stress. Hardin and

Black (1966) and Lawrence (1965) both determined, in separate

experiments, that shear wave velocity was not a function of shearing

stress in sand, except where the shearing stresses contributed

to the mean effective principal stress for the test (or where the

shearing stresses affected the void ratio of the sample tested).

The variation of V s with K13 is presented in Figs. 7.17,

7.18, and 7.19 for the TB-NS, TB-EW, and NS-EW planes of motion,

respectively. Each figure shows shear wave velocity data for each

test pressure plotted against the logarithm of K Hardin and
13*

Drnevich (1966) and Lawrence (1965) plotted logarithm of V
s

against the logarithm of a . However, for this study, testing was
Uo

performed for only one value of F (20 psi (137.8 kPa)) and so0

figures using axes of V and G would plot as a vertical line and,
5 0

hence, be of little benefit. It was decided, therefore, to use

K 13 as the horizontal axis in place of ao ( (Oa +a b) is used later in

this section) since KI3 varied even though 3 remained constant.13 o

Similar values of K relate similar states of stress among the
13
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- three planes of motion in terms of a I and o3. However, it must be

noted that a1 and a3 in no way indicate the stress components

relative to the directions of shear wave motion and that K1 3 may

use any two of the stress components a' ab9 or a c for each of the

planes of motion. Least-squares fit were performed to determine

the slopes of the data presented in Figs. 7.17, 7.18, and 7.19,

and the results are shown on these figures by solid lines. Each

figure contains the results for the twn shear waves possible for

the particular plane of motion. A summary of these figures is

* given in Table 7.9.

Based upon Table 7.9, V does not appear to be sensitives

to the level of shearing stress at a constant a for either the
0

TB-NS or TB-EW planes of motion. The slopes of the log Vs - log K1 3

relationships ranged from -0.01 to 0.04, with an average value of

0.02. These slopes produced a maximum variation in V of onlys

4.3 percent for the range of K13 from 1.0 to 3.0. Hardin and Black

(1966) obtained a one percent variation in V over the range ins

the principal stress ratio from 1.0 to 2.0. Although V did varys

W by a small amount for the cube data, the (erroneous) assumption

could be made based on these figures that V is independent of thes

shearing stresses for a constant a , for the TB-NS and TB-EW

planes of motion.

The remaining plane of motion, the NS-EW plane, did

exhibit a distinct variation in V with shearing stress. The slopes
s

V o te lg -log K relationship ranged from -0.07 to -0.13,

s 13

w|
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with an average value of -0.10. This would amount to a 9 percent

variation in Vs over the range in K1 3 used in this series. This

percent variation is significant and as such cannot be accounted

for by experimental scatter. The fact that V varies with this
s

plane of motion means that the generalization cannot be made that

V is independent of the level of shear stress for a constant mean
s

effective principal stress.

To understand the effect of shearing stress on V for
s

these planes of motion, one must note the similarity between the

TB-NS and TB-EW planes of motions, and the difference between these

two planes and the NS-EW plane of motion. This can be done by

examining the stress components for each plane. As discussed in

Section 7.3, a and a b contribute about equally to V with respect.' ~a bs

to their exponents, while a was found to be unimportant to thec

magnitude of V
s

For any of the shear waves in the TB-NS or TB-EW planes

of motion, a and a for the shear waves involve both aI and a
a b 1 3

For any shear wave, whichever stress component (a or -b was equal

to al, the remaining component equalled a 3 For this biaxial test

series, 01 was increased while a3 was decreased to keep a
10

constant. Therefore, for any shear wave defined by the TB-NS or

TB-EW planes of motion, if a was increasing, a b was decreasing,

and if a was decreasing, ab was increasing.

This reversed trend for these two important stress

* components had a compensating effect on V s . As the importance of

-1
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one of the stress components on V increased, the importance of the

other component lessened. The net result of the compensation was a

relatively constant V for varying levels of shearing stresss

(although the net effect was a slight increase in stress which is

correctly reflected by the positive values of the average slopes

shown in Figs. 7.17 and 7.18). The same results were shown in the

experiments by Lawrence (1965) and Hardin and Black (1966). Although

Lawrence used a modified triaxial cell while Hardin and Black

performed their studies with the resonant column test device, both

investigators used vertically propagating waves. For their tests,

01 and a3 were applied to the test specimens as cell pressure (an

all-round confining pressure) and an axial load (vertically). This

stress application dictated that, for vertically propagating shear

waves, and b involve both o1 and 03. Therefore, it is not

surprising that Lawrence and Hardin and Black observed essential]y

no variation in V for changes in level of shear stress, for they
s

were, in effect, monitoring shear waves in the TB-NS and TB-EW

planes of motion as defined by this study.

One of the important design considerations of the cube,

though, is that velocity measurements can be made with the direction

of wave propagation along any of the three cube axes and with the

* direction of particle motion along any one of the remaining two axes.

Therefore, measurements of Vs were performed in this test series

with shear waves for which a a and ab involved only o3 (0c equaled

to a1). These shear wave types involved the NS-EW plane of motion
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in which both a and a b increased (or decreased) simultaneously

a

so that the compensation effect of reversed trends for a and abab

which occurred in the TB-NS and TB-EW planes of motion was eliminated.

Withouth the compensating effect, there is a distinct trend of a

varying V as the level of shear stress changes as shown in Fig. 7.19.
s

To illustrate the effect on Vs of only a and ab at a

constant ao, it was decided to plot log Vs versus log (a + ab

Such a plot is based on the assumptions that: 1. aa and ab equally

affect V , and 2. u does not affect V . These results are shownsc 5

S in Figs. 7.20, 7.21, and 7.22 for the TB-NS, TB-EW, and NS-EW

planes of motion, respectively. A least-squares fit to the data

is shown by the solid lines in the figures.

Based upon these figures, it can be seen that shear wave

velocity is not constant for varying shearing stresses at a

constant a . Slopes of the log V - log (a + b) relationshipo s a b

varied from -0.04 to 0.28. The values of the slopes should depend

on the change in a and ab for each of the planes of motion. As
ab

a means of comparison, the predicted values of shea" wave velocity

* (based on Eq. 7.2 and the constants summarized in Table 7.6) are

included as dashed lines in these figures. As can be seen, there

is a good correlation between the predicted and measured values of

* shear wave velocity, with a typical variation of less than 10

percent. Table 7.10 summarizes the slopes of the log V -s

log (aa + -b) relationship for the measured and predicted values of

* shear wave velocity in Figs. 7.20, 7.21, and 7.22.

• ... ...
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TABLE 7.10

Effect on V of Principal Stresses in Directions

of Wave Propagation and Particle Motion

Plane of Shear Wave Slope of log V s - Average Predicted

Motion Type* (a + Slope for Slope for
a +b) each Plane each Plane

Relationship of Motion of Motion***

(1) (2) (3) (4) (5)

TB-NS TB/NS 0.11 0.11 0.07

NS/TB 0.12 0.07

TB-EW TB/EW 0.23 0.10 0.09

EW/TB -0.04 0.04

NS-EW**' NS/EW -0.28 -0.22 -0.18

EW/NS -0.16 -0.18

The first two letters denote the direction of wave propagation and

the second two letters denote the direction of particle motion.

For thisbiaxial test series, (ca + ab) decreased from 20 psi

to 12 psi.

Based on Table 7.6 and Eq. 7.2.

V
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Based on Table 7.10, there is a definite scatter in these

slopes of the log V - log (a + Ub) relationship. The measured
s a b

slopes are all less than the predicted values for Eq. 7.2, although

the relative ratios between the planes of motion seem to be similar.

Both the TB-NS and NS-EW planes of motion have fair agreement

between the measured and predicted values of the slopes. However,

for the TB-EW plane there is a poor correlation for the two shear

waves. One of the shear wave slopes was 0.23 and the other was

-0.04. The reason for this variation is unclear for this biaxial

series, and it should be noted that a similar extreme variation

occurred during triaxial confinement at constant a for the same

TB-EW plane (see Section 8.5.1). The possible reasons for the large

variation of slopes for this plane of motion are unknown but could

include experimental scatter, pressure variations within the sample

or in the loading membranes, and/or structural anisotropy.

Therefore, the generalization of a shear wave velocity

independent of the level of shearing stress cannot and should not

be made. For this study, shear wave velocity varied with the

effective principal stresses in the directions of wave propagation

and particle motion. As a result, the determination of V dependss

on the stress components a and a rather than on the more conven-a b

tional term a0 previously used in the literature.

7.5.2 Comparison Between Measured and Predicted Shear Wave Velocities

To further check the validity of the expressions for shear

wave velocity developed in Section 7.3.5, measured values of V fors

4I



189

this series of tests with a constant 0 were compared to values
0

predicted from Eq. 7.2 using the values presented in Table 7.6.

This comparison was made for each of the six different types of

shear waves. Two methods of comparison were performed: 1. plotting

the measured shear wave velocity data and predicted V versus the
s

log of K1 3, and 2. presenting a ratio of the measured value of

Vs to the predicted Vs (see Section 7.3.6) versus the log of KI3.

The results of these comparisons are shown in Figs. 7.23

through 7.28. Based on these figures, the ratio of the measured

V to the predicted V for + one standard deviation typicallyS S -

ranges from 0.92 to 1.05 with values as high as 1.11. This indicates

that the equations developed in Section 7.3.5 to predict V for thiss

test series are generally within 10 percent for each of the shear

wave types. Most importantly though, this correlation of measured

to predicted values of V means that, in fact, shear wave velocity iss

•L not controlled by the level of mean effective principal stress (as

previously assumed) but by the effective principal stress in the

directions of wave propagation and particle motion. It is the

* variation of these Lwo stress components that largely affect the

variation of V
s

7.6 SUMMARY AND CONCLUSIONS

To attain the condition of biaxial confinement, the major

principal stress, a1, was applied along one axis of the cube and

the minor principal stress, a3 was applied along the remaining two

U
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axes. For biaxial confinement, the principal stresses were no

longer all the same and so principal stresses had to be described

relative to the motions associated with each shear wave. As such,

the following notation was used to refer to the principal stress

components: a the effective principal stress in the direction of

wave propagation; a the effective principal stress in the direction

of particle motion; and a, the out-of-plane direction.

Two patterns of stress variation were used in the biaxial

confinement series: 1. tests with a variable mean effective

principal stress, and 2. tests with a constant mean effective

principal stress. Tests with a variable a were designed to examine0

the variation of V with the individual stress components and to
s

study structural anisotropy in the sample. Tests with a constant

mean effective principal stress were performed to evaluate the

effect on V of varying levels of shearing stress for a constant a 0s 0

For tests performed with a variable mean effective

principal stress, principal stresses varied from 15 to 40 psi

(103.4 to 275.6 kPa) with a resulting range in principal stress

ratio, K13, of 1.0 to 2.67. This pattern of stress variation was

examined to evaluate each stress component alone, and so only one

stress component was varied at a time. Based upon the test results,

it was found that a and a are the dominant stress components ina b

determining V . Each of these two components was about equallys

important in the equation, Eq. 7.2, developed to predict V
s

w Values of the slope of the log V -log relationship ranged from
s a
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0.09 to 0.11, with these values depending on the plane of motion.

The third stress component, a, the out-of-plane principal stress,c

was found to be unimportant, with the value of the slope of

the log V - log a relationship ranging from -0.01 to 0.01.s C

Stress history had no significant affect on the

relationship between V and the stress components. Although the5

loading and unloading data exhibited slightly different values of

the constants as shown in Table 7.6, there was no consistent trend,

and the variation was assumed to be due to experimental scatter.

To predict shear modulus, Eq. 7.3 was developed for

biaxial confinement with the constants shown in Table 7.8. The

sum of the exponents (na + nb + nc) was found to be slightly less

-< than the values obtained by resonant column testing.

A comparison was made between measured and predicted

shear wave velocities for the biaxial test series with a variable

a 0 .It was found that the Eq. 7.3 yielded values of V within about

10 percent of the average of the measured values of shear wave

velocity.

V Structural anisotropy was further examined by rotation of

the a1 axis. As with isotropic confinement, shear waves were

separated into three planes of motion because of the anisotropic

* nature of the sample. It was determined that the structural

anisotropy relationship between the planes of motion did not affect

the basic relationships between V and the principal stress com-

ponents, although the absolute values of V varied for each plane.

.. . . . • ' " i i i! "5



* I I I

U!

198

Biaxial tests were also performed with a constant a to
0

evaluate the effect on V of varying shear stress. It was found5

that V depends on the variation of the stress components in thes

directions of wave propagation, oa$ and particle motion, ab" " nd not

on u as usually assumed. It follows that V depends on the level0 s

of shearing stress only to the extent that it relates to a and b"

Further comparison between measured and predicted values

of V was made for the test series with a constant a . Resultss 0

showed that Eq. 7.2 and the values from Table 7.6 predicted V
U s

within about 10 percent of the average of the test data.

V

V

V
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CHAPTER EIGHT

TRIAXIAL CONFINEMENT

8.1 INTRODUCTION

Testing was concluded with the case of triaxial confine-

ment (a1 > a2 > 3) which was performed to examine the effect of a

truly three-dimensional state of stress on shear wave velocity.

The triaxial phase of testing consisted of three different series

of tests. The test series were designed to study and re-examine:

1. the variation of V under a constant mean effective principal
s

stress with varying deviatoric stress components, 2. the importance

on V of each stress component with respect to direction of wave
s

propagation, direction of particle motion, and the out-of-plane

direction, and 3. the effect of structural anisotropy on V fors

triaxial confinement. Measured shear wave velocities were

examined to study and quantify each of these effects, including

further evaluation of the validity of equations developed in

Chapter Seven to predict V for biaxial confinement. In this chapter,
'g S

the triaxial states of stress are briefly reviewed, and the variation

of V with triaxial confinement and structural anisotropy are
s

summarized.
-

-



S

200

8.2 TRIAXIAL STATES OF STRESS

To obtain the condition of triaxial confinement, the major

effective principal stress was applied along one axis of the cube,

the minor effective principal stress along another axis, and the

intermediate effective principal stress along the remaining axis.

Typically, the major principal stress was oriented in the top-bottom

(vertical) direction, and the intermediate principal stress was

oriented in the north-south direction. However, for the triaxial

series which was designed to study structural anisotropy of the

sample, a1 and a2 were reversed so that u1 was now rotated to the

north-south axis and c2 was rotated to the top-bottom axis of the

cube.

8.2.1 Notation of Stress Components

For triaxial confinement, as with biaxial confinement,

the principal stresses were no longer all the same. Therefore,

the effect of the stress components could be reinvestigated for

triaxial confinement. The notation used for biaxial confinement,

that is a, ab2 and ac, was also used for triaxial confinement to

describe the diiections of the principal stresses relative to the

directions of motions associated with the shear waves. A discussion

of the notation is presented in Section 7.2.1 and is illustrated in

Fig. 7.1.

U

U1
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11 8.2.2 Patterns of Stress Variation

The variation in stresses for the three triaxial confine-

ment series followed one of two general patterns used for biaxial

confinement. In the first pattern, referred to as triaxial loading

with a variable mean effective principal stress, one of the principal

stresses (a2) was changed, while the remaining principal stresses

were held constant. Rows one and two in Table 8.1 (the second row

is for the study of structural anisotropy) show the variation of

stress components relative to wave motions for tests with a varying

mean effective principal stress. For both of these rows, one

stress component varied since only one principal stress was changed.

The second pattern of stress variation, referred to as

triaxial loading with a constant Wean effective principal stress,

involved changing all the principal stresses (and therefore, all

the stress components) simultaneously, while maintaining a constant

7 mean effective principal stress. The variation of stress components

for this pattern is shown in Row three of Table 8.1. This pattern

allowed q to be examined for constant a but with increasings 0

levels of shearing stress due to stress differences between a1 and

2' Cr and u3 1 orcT2 and

8.2.3 Review of Simplifications and Data Analysis
U

Because of the inherent pressure gradients in the triaxial

cube, a truly triaxial state of stress existed only on the horizon-

tal plane at the mid-height of the cube. The pressure gradients

- -
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were ignored, however, because of their small mathematical signifi-

cance on V and the assumed state of stress within the cube, as
S

discussed in Section 6.2.

Data analysis for triaxial confinement was the same as

for the preceeding isotropic and biaxial test series. Shear wave

velocity was based upon both short-interval and long-interval

velocity measurements because this approach yielded the results

which were felt to be most representative of experimental scatter.

As with the previous data analysis, direct velocities were discarded

as being unrepresentative of V (see Section 6.3).

A complete set of recorded waveforms, data input and

resultant computer output for a representative test is included in

Appendix E.

8.2.4 Principal Stress Ratio

The principal stress ratio was first used for biaxial

confinement to reference the effect on V of the level of shear
s

stress, measured by the stress difference between a1 and 13 " For

V triaxial confinement, with the three principal stresses all

different, there are two principal stress ratios required to

describe the level of shear stress between the principal axes. The

first stress ratio, K1 3, was also used for biaxial confinement and

relates the major principal stress, uI' to the minor principal

stress, u3, as given by Eq. 7.1.

'
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A second stress ratio, K is needed for triaxial
23' i eddfrtixa

confinement to relate the intermediate principal stress, a2,

to the minor principal stress, u3, as:
VV

K 2 (8.1)
23 -

(3

Both of these stress ratios are used for triaxial confinement

to describe the change in V with shearing stress.
s

8.3 TESTING WITH A VARIABLE MEAN EFFECTIVE PRINCIPAL STRESS

Two series of tests were conducted with triaxial confine-

ment in which the mean effective principal stress varied. Both

series were designed to study the effect on V of the stress
s

components in the directions of wave propagation, particle motion

and out-of-plane. The second series presented in this section and

in Section 8.4 was also performed to examine the effect of structural

anisotropy.

The first triaxial series began at a biaxial state of

stress with a vertical stress, al. of 40 psi (275.6 kPa) and with

the horizontal stresses, 02 along the north-south direction and

03 along the east-west direction, equal to 15 psi (103.4 kPa).

The intermediate principal stress 02 along the north-south direction

was then increased in 5-psi (34.5 kPa) increments to 40 psi

(275.6 kPa), while the other principal stresses remained constant.

Wave test measurements were conducted after each incremental

pnpressure change. The test sequence was then reversed to examine ]

Ui
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the effect of stress history on the sand sample. These tests are

numbered 45 through 50, and 50 through 55 in Table B.l for the

loading and unloading portions, respectively. The load history can

be seen in Fig. B.2 during the times of August 11 through August 14,

1981 for the loading portion and from August 14 through August 17,

1981 for the unloading portion. The stress ratio, K1 3, for this

test series was constant at 2.67, and the other stress ratio, K2 3,

varied from 1.0 to 2.67.

The second triaxial series, designed to study structural

g anisotropy, also began at a biaxial state of stress, with I cf

40 psi (275.6 kPa) rotated to the north-south direction, a2 of

15 psi (103 kPa) rotated to the vertical direction, and a3 of

15 psi (103 kPa) along the east-west direction. The intermediate

principal stress was then increased in 5-psi (34.5 kPa) increments

to 40 psi (275.6 kPa) while the two remaining stresses were held

constant. There was no reversed sequence performed to examine

stress history. This series of tests is numbered 61 through 66

in Table B.1, and the load history can be seen in Fig. B.1 during

* the time of August 18 and August 19, 1981. Results from this test

series are discussed in Section 8.4. The stress ratio, K13' for

this series was held constant at 2.67 and the other stress ratio,

K 23' varied from 1.0 to 2.67.

8.3.1 Effect of Each Stress Component on V,

The equation used for biaxial confinement to examine how

each stress component affects V was also used for the case of
s
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triaxial confinement. In doing this, the values of CI, ma, mb, and

mc could be recalculated for triaxial confinement from Eq. 7.2

(after Roesler (1979)) as:

s ma - mb - mcV C C o b a (8.2)

where: V = shear wave velocity in fps,s

(3-ma~b~mc)(ma+mb+mc)
C = constant in ft (3ma~mhbmc)/sec-lb

ma slope of log V - log a relationship,
s a

mb slope of log Vs - log ab relationship, and
Us

mc = slope of log V - log a relationship.
5 c

Each of the stress components (expressed in psf) are incorporated

into this equation to predict the resultant V . The sum of thes

exponents of the stress components (ma + mb + mc) should be similar

for triaxial and biaxial confinement and should equal the slope

m in Eq. 6.1 (slope of the log V - log a relationship fors o

isotropic confinement) for each shear wave type.

As with biaxial confinement, it was decided to evaluate

this expression for the three planes of motion (NS-EW, TB-EW, and

TB-NS) rather than for the six individual shear waves. This was

done because the structural anisotropy study for isotropic

confinement showed that the six shear waves could be paired into

three wave groups with similar planes of motion (see Fig. 6.12).
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8.3.2 Effect of Principal Stress in Direction of Wave Propagation

For both of these triaxial confinement series with a

variable mean effective principal stress, only one principal stress

(and therefore only one stress component) was varied at a time.

Those triaxial tests where the effects of a on V could be
a s

isolated involved varying a2 only.

With a2 oriented along the north-south axis, tests were

performed for both loading and unloading pressure variations for

the TB-NS and NS-EW planes of motion. These results are shown

in Figs. 8.1 and 8.2. Each figure shows a sloping straight line

depicting the least-square line fitted to the data. Also shown at

the various pressures are a circle depicting the average of all

V test data for that pressure, a vertical line representing the

scatter between the minimum and maximum values measured at that

pressure, and two tick marks on the vertical line representing

+ one standard deviation from the average point. Also included on

each figure is a representation of the cube showing the state of

stress for the test series. Along with each cube are two

crossed arrows signifying the motion associated with the shear

wave used during the test, a single-headed arrow oriented along

the direction of wave propagation and a double-headed arrow

oriented in the direction of particle motion.

For a2 oriented along the vertical axis of the cube (to

examine structural anisotropy), tests were only performed for a

loading pressure sequence. The loading data are shown in Fig. 8.3
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V for this test in which only a2 varied for the TB-NS and TB-EW

planes of motion.

The results of the variation in V with C (a = CY
s a b c

constant) are summarized in Table 8.2, based on the least-squares

fit to the data in Figs. 8.1, 8.2, and 8.3. From Table 8.2, the

slope of the log V - log a relationship varies from 0.10 to 0.12s a

for all three wave groups. This variation in slope is well within

that expected for experimental scatter and, hence, the slopes

agree closely. There is no apparent effect on V of stress history,s

since the value of ma is similar for the loading and unloading

pressure sequences. The effect of structural anisotropy is

discussed in Section 8.4.

It is interesting to note that this range of ma is

similar to the range obtained for biaxial confinement, although

the values for each plane of motion differ slightly between

triaxial and biaxial confinement (0.10 to 0.13 as shown in

Table 7.3).

8.3.3 Effect of Principal Stress in Direction of Particle Motion

Examination of the effect on V of ub was performed in

a manner similar to that used to study the log V - log a rela-

tionship. For 02 oriented along the north-south axis of the cube,

the log V - log 0b relationships for the TB-NS and NS-EW planes

of motion are shown in Figs. 8.4 and 8.5, respectively, for loading

and unloading pressure sequences. For a2 oriented along the

- -
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TABLE 8.2

Effect on V of Principal Stress in Direction of Waves
Propagation for Triaxial Confinement

Plane of Motion Slope of log Vs - log a Relationship*

Loading Unloading Average
ma ma ma

(1) (2) (3) (4)

TB-NS 0.10 0.10 0.10

TB-EW 0.12 ** **

NS-EW 0.12 0.11 0.11

* -ma - mb - mc
Eq. 8.2: V = CI a a b as la c

Not determined because only performed loading pressure
sequence.

V!

Vt

w
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I vertical axis of the cube, Fig. 8.6 shows the effect on V of b
s

for the TB-NS and TB-EW planes of motion for loading pressure

seqi nces only. Included on all of these figures are the average

Lof all interval velocity data for the test pressure, the minimum

and maximum values of the data, + one standard deviation from the

average at each pressure, and the cube representation showing the

state of stress and shear wave motions for the testing sequence.

A summary of the log V - log ab relationships shown

in Figs. 8.4, 8.5, and 8.6 is presented in Table 8.3. Using a

least-squares fit for the data, the value of mb varies from 0.08

to 0.11 for the three wave groups. Stress history has no

apparent effect on mb in that similar values were measured for both

loading and unloading pressure sequences. The effect of structural

anisotropy on ab is discussed in Section 8.4.

As with biaxial confinement, the values of nib for

triaxial confinement are equal to or slightly less than the values

of ma obtained in Section 8.3.2. This would tend to confirm

that the shear wave velocity is about equally dependent on the

principal stresses in the directions of wave propagation and

particle motion for this sand. The range of values of mb obtained

for triaxial confinement are also similar to those obtained for

biaxial confinement (0.09 to 0.11 as shown in Table 7.4).
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TABLE 8.3

Effect on V of Principal Stress in the Direction of
Particle Motion for Triaxial Confinement

Plane of Motion Slope of log Vs - log a b Relationship*

Loading I Unloading Average
mb mb mb

(1) (2) (3) (4)

TB-NS 0.10 0.08 0.09

TB-EW 0.09 ** **

NS-EW 0.11 0.09 0.10

* -ma - mb -me
Eq. 8.2: Vs = C1 a a b  ac

Not determined because only performed loading pressure
sequence.

S
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8.3.4 Effect of Principal Stress in the Out-of-Plane Direction

The manner of analysis used for a and a was continued
a b

for the examination of the log Vs - log relationship. Figure 8.7

shows the log V - log a relationship for the TB-EW plane of

motion for the loading and unloading pressure sequences when a2 was

oriented along the north-south axis of the cube. For u2 oriented

along the vertical axis, Fig. 8.8 shows the values of mc for the

NS-EW plane of motion for loading pressure sequences only.

The results of the least-squares fit of the data in

Figs. 8.6 and 8.8 are summarized in Table 8.4. As seen in this

table, the value of mc for the TB-EW plane of motion was zero (or

slightly less than zero), while the value of mc for the NS-EW

plane of motion was significantly greater than zero. This larger

value of mc is assumed to be primarily due to experimental scatter.

It must be noted that only loading pressure sequences were available

for the NS-EW plane of motion with no unloading data to compare

with the value of mc. The small value of mc for the TB-EW plane

of motion (and the relatively small value for the NS-EW plane of

U motion) seem to agree with the assumptions made for biaxial

confinement that the shear wave depends very little on the

principal stress in the out-of-plane direction. As with ca anda

y 0 b' there is no apparent effect of stress history on the values

of me, although only one plane of motion was studied in detail.
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- TABLE 8.4

Effect on V of Principal Stress in Out-of-Planes
Direction for Triaxial Confinement

Plane of Motion Slope of log V - log C Relationship*

Loading Unloading Average
mc mc mc

(1) (2) (3) (4)

TB-NS

TB-EW -0.01 0.00 0.00

NS-EW 0.04 ** **

* -ma - mb- mc
Eq. 8.2: Vs = 1  a a b c

Not determined because only loading pressure sequences
performed.

Not determined because no tests performed for this stress
.1 configuration.

U
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8.3.5 Summary of Effect of Principal Stresses on V

__-s

Values of ma, mb, and mc were not determined for all

possible testing configurations because of the limited number of

tests performed. Average values of the slopes could not be

determined when only loading pressure sequences were performed, and

there were no tests conducted where c , the out-of-plane direction,c

was varied for the TB-NS plane of motion. Since triaxial confine-

ment has all different principal stresses, there was no intermediate

stage of testing, as for biaxial confinement, where two similar

* principal stresses were varied simultaneously. The remaining

triaxial test series had all principal stresses varying and so

these tests were not used to compute the missing values of ma, mb,

and mc, since two of the slopes would have to be assumed to

calculate the remaining slope. The values previously determined for

ma, nib, and mc are summarized in Table 8.5.

Once the evaluation of the slopes was completed, the

constant C1 for Eq. 8.2 was determined where possible for each

plane of motion. This was accomplished by dividing the measured

* average shear wave velocity for each test pressure by the three

principal stress components for that pressure raised to the

appropriate power. The values of C1 for each plane of motion are

* included in Table 8.5.

The values of C1 calculated for the TB-NS and NS-EW

planes of motion involved assumptions concerning mc. The value for

V mc of 0.04 was used to calculate CI for the loading pressure1I

q]
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TABLE 8.5

Summary of Effects on V of Orientation of Principal
Stresses Relative to Planes of Motion

for Triaxial Confinement

Variable in Plane of Loading Unloading Average
Eq. 8.3* Motion

(1) (2) (3) (4) (5)

ma TB-NS 0.10 0.10 0.10
TB-EW 0.12 ** **
NS-EW 0.12 0.11 3.11

mb TB-NS 0.10 0.08 0.09
TB-EW 0.09 ** **

NS-EW 0.11 0.09 0.10

mc TB-NS ** ** **
TB-EW -0.01 0.00 0.00

NS-EW 0.04 ** **

C 1 TB-NS*** 173 207 182
TB-EW 149 ** **

NS-EW 129 163 146

* -ma - mb- mc
For the equation V = CI a a as 1a b c

Could not be determined for triaxial confinement.

* Calculated with assumed mc = 0.00

ft3-t -t -1
(ft lb sec ) where t = ma + mb + mc

U1

I
U!
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sequence of the NS-EW plane of motion. The remaining values of C

were calculated using the results from biaxial confinement (0.00

for the TB-NS and 0.01 for the NS-EW planes of motion).

L Based on this table, the conclusion made for biaxial

confinement that the stress components do not contribute equally

to the shear wave velocity is also true for triaxial confinement.

The stress components in the directions of wave propagation and

particle motion again dominate. It appears for this sand that

the principal stresses in these directions contribute about equally

to Vs

Further, the principal stress in the out-of-plane direction

affects the shear wave velocity very little and can be neglected.

This conclusion is made despite the fact that mc varied up to 0.06

for triaxial confinement, since it was felt that these higher

slopes for mc were inconsistent with all other results for biaxial

and triaxial confinement. The higher slopes were attributed,

therefore, to the experimental scatter inherent in the testing

technique.

Stress history had no marked effect on the values of the

slopes in Table 8.5. Similar values were calculated for the loading

and unloading pressure sequences. Stress history, therefore, can

be ignored for triaxial confinement, as it could for biaxial

confinement.

The V - stress component relationships developed for

19 the triaxial data are similar to those obtained by Roesler (1979)

w -
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V 1 (as was the biaxial data). In both experiments, the stress

component in the out-of-plane direction was not found to affect

shear wave velocity and, hence, should be ignored. The stress

components in the directions of wave propagation and particle motion

were found by this study to almost equally affect the shear wave

velocity, with slopes ranging from 0.08 to 0.12. Roesler, in his

experiments, found that the direction of wave propagation was more

dominant than the component in the direction of particle motion

(ma equal to 0.15 versus mb equal to 0.11). This difference in

dominance can be due to the sand sample, experimental scatter, or

other inherent differences between the test apparatus used by

Roesler and the one used in this study.

8.3.6 Comparison of Stress Component Relationships for Isotropic,

Biaxial, and Triaxial Confinement

A comparison was made between the values of the sum of

the slopes (ma + mb + mc) and CI for triaxial and biaxial confine-

ment with the comparable values for isotropic confinement.

This comparison, shown in Table 8.6, was made to examine whether
V

or not the slope of the log V - log (u relationship was consistent.
S

The values are compared in Table 8.6 for each of the three planes

of motion, and as noted in the table, some of the values are based

on loading pressure sequences only or on values of mc which are

considered good estimates of the log V - log c relationship.
5I

V
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TABLE 8.6

Comparison of Average Effect of Principal Stress
Orientation on Shear Wave Velocity for

Isotropic, Biaxial, and Triaxial Confinrments

Plane of Type of log V - log o Relationship*
Mction Confinement (ma+mb+mc) C1

or m --t -t
__(ft 3-tlb-t sec

(1) (2) (3) (4)

TB-NS Isotropic 0.18 217
Biaxial 0.20 180
Triaxial 0.19 182

TB-EW Isotropic 0.22 142
Biaxial 0.23 132
Triaxial** 0.21 149

NS-EW Isotropic 0.19 199
Baixial 0.19 201
Triaxial*** 0.22 173

Eq. 7.2 and Eq. 8.2 for biaxial and triaxial confinement:
L A - ma -mb -mc

V = a b as Ia c

-m
Eq. 6.1 for isotropic confinement: V = C as 1o

Based on loading pressure sequence only.

Based on value of mc equal to biaxial value of 0.01.

#t = ma + mb + mc

I
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As can be seen in Table 8.6, there is a good comparison

between the values of the slopes and constant for each plane of

motion. Values agree within ten percent of the average of the

minimum and maximum values for any plane of motion. The ten percent

variation is due to experimental scatter, inherent in this study,

and is within tolerable limits expected for this type of experiment.

Oie of the purposes of this study was to determine how

each of the principal stress components affected shear wave velocity.

A relationship was found for both biaxial and triaxial confinement,

S and it was decided to compare these relationships in detail.

Table 8.7 shows the comparison of ma, mb, mc, and C1 for the three

planes of motion for both states of confinement. An average value

for each variable is included in column 5 of the table. The values

show good correlation between the biaxial and triaxial states of

stress. The individual variables for biaxial and triaxial confine-

ment are within the expected experimental scatter of about ten

percent. In general, the results of the examination of the effect

on V of the principal stress components under triaxial confinement
5

U yield similar results to biaxial confinement as discussed in

Chapter 7.

8.3.7 Effect of Principal Stresses on Shear Modulus
S

The shear modulus can be expressed in the simplified form

first used for biaxial confinement as (after Hardin, 1978):

V
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TABLE 8.7

Comparison of Influence on V of Orientation of
Principal Stresses Relative to Planes of

Shear Wave Motions for Biaxial and Triaxial Confinements

Variable in Plane of Type of Confinement Average
Eqs. 7.2 and 8.2* Motion Biaxial Triaxial Value

(1) (2) (3) (4) (5)

ma TB-NS 0.11 0.10 0.11
TB-EW 0.12 0.12** 0.12
NS-EW 0.09 0.11 0.10

mb TB-NS 0.10 0.09 0.09
TB-EW 0.11 0.09** 0.10
NS-EW 0.09 0.10 0.09

MC*** TB-NS 0.00 0.00 0.00
TB-EW 0.00 0.00 0.00
SS NS- E 0.01 0.01 0.01

CI*** TB-NS 180 182 180

TB-EW 132 149** 141
NS-EW 201 173 187

* -ma -mb- mc
Eq. 8.2: V = C1  a b  as 1a b c

Based on loading pressure sequence only.

Values of mc for TB-NS and NS-EW planes of motion were assumed

the same for biaxial and triaxial confinement.

(ft 3-t lb-t -1(ft*lb sec ) where t =ma +mb +mc

U
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C - C pal-(na+nb+nc) - na -nb -nc
max 0.673 a b c

where: C = shear modulus in desired units,
max

C = constant (dimensionless),

na = slope of log G - log ai relationship,max a

nb = slope of log G - log ib relationship,
maxb

nc = slope of log Gmax - log c relationship, and

Pa = atmospheric pressure in same units as Gmax

For this equation, a , -ab , and c are all expressed in the same

units as G . The values of na, nb, and nc are equal to twomax

times the values of ma, mb, and mc, respectively.

Equation 8.3 was evaluated for each plane of motin, using

the average values presented in Table 8.7, and the results are

shown in Table 8.8. The sum of the slopes for the stress components

(na + nb + nc) is consistently less than the slope of 0.48 of the

log G - log a relationship determined from the resonant column

tests. However, the sum of the slopes for triaxial confinement

compares quite well with the sum of the slopes for 'axial confine-

ment and the slope n for the log G - log ai relationship for0

isotropic confinement in the cube. Differences in testing procedures

or in the sand samples tested between the laboratory resonant

V column tests and the cube may explain the difference in slopes

calculated from these two test methods.

W
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TABLE 8.8

Influence on G of Orientation of Principal Stresses
Relative o Planes of Shear Wave Motions

Plane of Motion na* nb* nc* C* na+nb+nc*
(1) (2) (3) (4) (5) (6)

TB-NS 0.22 0.18 0.00 678 0.40

TB-EW 0.24 0.20 0.00 603 0.44

NS-EW 0.20 0.18 0.02 748 0.40

Eq. 8.3: G C l-(na+nb+nc) - na - nb - nc
Eq 8.:GPcr C
max 0 .67 3 P ca b c

II

I!
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V

8.4 STRUCTURAL ANISOTROPY

For both isotropic and biaxial confinement, it was

determined that the sand had some degree of structural anisotropy

(see Sections 6.7 and 7.4). The degree of structural anisotropy

was studied once more for the case of triaxial confinement to

see if consistent trends were determined for the sand sample.

Structural anisotropy of the sand is caused by the realignment

of the sand grains as they are placed, which for this study,

varied with each axis of the cube.

The structural anisotropy was analyzed for each of the

three planes of motion using the values summarized in Table 8.7

for triaxial confinement. Based on these equations, a ratio of

shear wave velocities for each plane of motion can be computed as:

- 0.01 - -0.01 - -0.01
TBE W  (0.86 Ga b c VEW-NS (8.4)

-0.01 - -0.01 - -0.01
VNSTB = (1.05 a ab Gc )V EW -N S  (8.5)

These equations involve both a scalar factor and an exponential

U factor for each stress component.

The relationship of structural anisotropy for the planes

of motion for triaxial confinement show much less of a variance

U than the comparable Eqs. 7.4 and 7.5 for biaxial confinement.

The equations do involve positive and negative slopes interrelating

the planes of motion.

w
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Although the sum of the slopes of the stress components

in equations 8.4 and 8.5 ranges from -0.01 to -0.03, the scalar

factor varies by about 20 percent. This indicates that the degree

of structural anisotropy dominates the scalar factor, while having

much less significance on V within the slopes of the principals

stress components. Despite the fact that it is evident that Vs

varies with the planes of motion, it can be seen that the relation-

ship on V of each principal stress component is not altered by thes

structural anisotropy. Hence, the domination of V by thes

directions of wave propagation and particle motion and the insig-

nificance on V of the out-of-plane direction is not changed bys

the structural anisotropy of the sample. Although the degree of

structural anisotropy affects the values of CI, ma, mb, and mc

in Eq. 8.2, the critical relationships between V and the principal
s

stress components is not affected.

8.5 TESTING WITH A CONSTANT MEAN EFFECTIVE PRINCIPAL STRESS

One triaxial series was conducted in which the mean

effective principal stress remained constant. This test was

designed as a supplement to the biaxial confinement data to:

1. study the variation of V under a constant mean effective
s

principal stress with varying shearing stress components, and

2. provide further V measurements to verify the validity of the
s

expressions developed to predict shear wave velocity.

U-
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Y The series began at an isotropic confining pressure of

20 psi (137.8 kPa). The vertical principal stress, al, was then

increased in 2-psi (13.8 kPa) increments (except for a final 6-psi

(41.4 kPa) increment) while simultaneously the horizontal stresses,

02 and/or a 3 were varied in 2-psi (13.8 kPa) increments. This

variation of the principal stresses kept a constant while the level

of shearing stresses (measured by the coefficients 13 and K 23) wasKI23

varied. The variation of stresses continued until a biaxial state

of stress was reached (u1 = 36 psi (248 kPa), a 3 = 12 psi (82.7 kPa)),

* with a value of KI3 of 3.0. An unloading pressure sequence was

performed using larger increments of pressure change until values

of K13 of 2.08 and K23 of 1.92 were reached. This triaxial series

consisted of tests 13 through 23 from Table B.1, which can be seen

on Fig. B.1 between the dates of July 23 and August 5, 1981. The

principal stress ratios varied for this series from 1 to 3.0 for

K 13 and from 1 to 1.92 for K23.

8.5.1 Effect of Shearing Stress with Constant o0

Examination of the effect on shear wave velocity of
V

shearing stress for a constant mean effective principal stress

was first performed by investigating the variation of V with K
s 13

and K23. These results are presented in Figs. 8.9 thorugh 8.14
2

for each of the six types of shear waves generated in the three

planes of motion. The top half of each figure shows shear wave

velocity data for each test pressure plotted against the logarithm

VI
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of K13 and the bottom half of each figure shows the same shear wave

velocity data plotted against the logarithm of K23. The principal

stress ratio was used as the horizontal axis for these figures in

place of a as is the usual method. This was done because testing
0

was performed at only one value of Co. A least-squares fit was

performed to determine the slope of the data, and a summarization of

the results is given in Table 8.9. It should be noted that the

calculated slopes are not the same as ma, mb, or mc since the

horizontal axes are in terms of K's and not a's.

Based upon Table 8.9, V appears to be only slightly
s

sensitive to the level of shearing stress at a constant a for
0

either the TB-NS or TB-EW planes of motion. The slopes of the

log V - log K relationships ranged from -0.01 to 0.04, with an

average value of 0.02. This range of slope produced a change in

V of up to 4.8 percent over the test range. However, if V onlys 5

depended on a 0 ,then all of the slopes should have been zero.

The variation of the slopes of the log V - log K1 3

relationship for the TB-NS and TB-EW planes under triaxial confine-

ment is similar to the variation of the slopes for the same

relationship determined for biaxial confinement (Table 7.9).

Therefore, the state of stress in terms of a biaxial or triaxial

state of stress was not important for this relationship. Also,

as with biaxial confinement, the least consistent trends in V for

s

triaxial confinement occurred for the TB-EW plane of motion. It is

unclear if this is due to experimental scatter and coincidence or
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if there is some reason connected with testing which would cause

this variation in V
s

The remaining plane of motion, the NS-EW plane, exhibited

a more pronounced variation in log Vs - log K13 relationship.

Slopes ranged from -0.06 tc -0.10 with an average value of -0.08

resulting in a change in V of almost ten percent over the testing
s

range employed. Again, this range of slope for the KI3 relationship

is similar to the range obtained for biaxial confinement.

In examining the variation of V with K13' the trend of
g5

change in the stress components for the triaxial state of stress is

similar to that for biaxial confinement. For instance, for

triaxial confinement with a constant ao0 when 01 in the vertical

direction was increased, 02 and/or j3 along the sides of the cube

decreased accordingly. In general, as a1 increased, a2 and a

tended to decrease. Since it has been determined for this study

that V is about equally a function of the effective principals

stress in the directions of wave propagation and particle motion

and is not affected by the stress in the out-of-plane direction,

it is logical to study the variation of Vs with 0a and b

instead of K K2, or a
'13' 23 o

For both the TB-NS and TB-EW planes of motion, a anda
U-

Gb varied in opposite directions. Hence, as the increasing stress

components increased Vs, the other decreasing stress component

reduced V . Typically, ji was increased by two times the amounts

that a, was decreased so that o remained constant. The net effect

U

3 0
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was an increase in the sum of the stress components on the TB-NS

and TB-EW planes. This should cause a positive slope in the log V -
s

log K13 relationship, indicative of an increase in V due to the13 s

net increase in stress. This positive slope is shown in Table 8.9

for the TB-NS and TB-EW planes of motion.

However, for the NS-EW plane, both horizontal stresses

tended to decrease and so that ua and ib tended to decrease,

thereby lowering the value of Vs. The increase in the vertical a1

to keep a a constant should have no effect on V since the0 s

g vertical direction involved a for the NS-EW plane. The netc

effect of the decrease of both ua and a b would be a significant

negative slope for the log Vs - log K13 relationship for the NS-EW

plane of motion as showm in Table 8.9.

Since the change in V could be explained by the variation
s

in oa and a b (rather than by the variance of a or the shearinga b

stress), the next logical step was to analyze V in relation to
A S

these two stress components. This comparison between V and a and
s a

Gb was made based on the assumptions that: 1. oa and ob equally

w effected V , and 2. a had no effect on V . As with the case of
s C S

biaxial confinement, (ja + b was chosen to replace K13 on the

horizontal axis, with this new term representing the influence on

* V of the state of stress.
s

Figures 8.15, 8.16, and 8.17 show the log V - log (a +ob)

relationship for the TB-NS, TB-EW, and NS-EW planes of motion,

V respecti7ety. Each figure shows the variation of V for the two
S

wi
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shear wave types defined by each plane. A least-squares fit was

performed on the shear wave velocity data at each test pressure and

is shown in each figure by the solid line. The results of the

least-squares fit are summarized in Table 8.10. In addition, the

predicted shear wave velocity (based on Eq. 8.2 and the values in

Table 8.7) is included in these figures as a dashed line and the

slopes of the log V - log (a + a b) relationships for theseq5

lines are also included in Table 8.10.

The results presented in Table 8.10 must be examined with

careful attention paid to the change in a and a b for each plane ofb

motion. The general patterns of principal stress variation were:

1. for the TB-NS plane, the vertical major principal stress was

increased about two times as much as the intermediate stress along

the north-south axis was decreased; 2. for the TB-EW plane, the

vertical major principal stress was increased less than two times

as much as the minor stress was decreased along the east-west axis;

and 3. for the NS-EW plane, the minor principal stress along the

east-west axis was decreased slightly more than the intermediate

principal stress along the north-south axis was decreased. Because

of the constant o , incremental pressure changes were twice as

large for the TB-NS and TB-EW planes of motion as for the EW-NS

* plane. The net result of these pressure increments should be a

2:1.5:2 ratio for the slopes of the log V - log (o + a ) relation-s a b

ship for the TB-NS:TB-EW:NS-EW planes (given that ua and a b control

V ). It does not matter whether ca or u bare oriented along thesa b

w.
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TABLE 8.10

Variation of V with Principal Stresses in Directions of
Wave Propagation and Particle Motion for Triaxial Confinement

Plane of Shear Wave Slope of log V - Average Slope
Motion Type* log (J + a ) for Each Plane

a b of Motion
Relationship

(1) (2) (3) (4)

TB-NS TB/NS 0.17 0.16

NS/TB 0.15

TB-EW TB/EW 0.20 0.11

EW/TB 0.02

NS-EW** NS/EW (-)0.22 (-)0.18

EW/NS (-)0.15

The first two letters denote the direction of wave propagation,
and the second two letters denote the direction of particle
motion.

For this test series, (oa + a b) decreased.

I

I
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changing principal stress axis since it was assumed that both of

these stress components have equal importance on V .s

rhis 2:1.5:2 ratio relating the slopes of the three

planes of motion can be seen in column 4 in Table 8.10. It must be

noted that the slopes of the shear waves in the TB-EW plane have

significantly different slopes, although the average of the slopes

is reasonable. This large difference in slopes for the TB-EW

plane was also found for biaxial confinement (see Section 7.5.1).

There is no obvious reason for the difference in slopes, although

possible explanations include experimental scatter, principal

stress variations at the loading membrane along the east-west axis

or structural anisotropy. Therefore, the conclusion can be made

that V is controlled by the effective principal stress in thes

direction of wave propagation and particle motion and not by the

mean effective principal stress. Further, V is not independentS

of shearing stress to the extent that the shearing stress affects

the values of ua and uba

8.5.2 Comparison Between Measured and Predicted Shear Wave Velocities

To further check the validity and accuracy of the

expressions for shear wave velocity developed in Section 8.3.5,

measured values of V for the triaxial series of tests with as

constant ci were compared to values predicted from Eq. 8.3 using

the values presented in Table 8.7. This comparison was made for

each of the six different types of shear waves. A ratio of the
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measured value of Vs to the predicted VS versus the log of K13

was determined for all the tests.

The results of these comparisons are shown in Figs. 8.18,

8.19, and 8.20. Based on these figures, the ratio of measured to

predicted V for + one standard deviation typically ranges from

0.92 to 1.08 with one value as high as 1.12. This uniform scatter

aoout one indicates that the equations developed ii Section 8.3.5

to predict V for body waves are generally within ten percent fors

each of the shear wave types. This correlation of measured to

predicted values of V means that shear wave velocity is nots

controlled by the level of hydrostatic stress (as previously

assumed; Hardin and Black, 1966; Lawrence, 1965; Schmertmann, 1978)

but by the effective principal stress in the directions of wave

propagation and particle motion. It is the variation of these two

stress components that largely affect the change in Vs.
s

8.6 SUMMARY AND CONCLUSIONS

The condition of triaxial confinement was obtained by

ap-iying the major principal stress, G1, the intermediate principal
Ii

stress, a2' and the minor principal stress, a31 along the three

axes of the cube. Because the principal stresses were all different,

the stresses had to be described relative to the motions associated

with each shear wave. The stress components were referred to as

0a' ab' and act continuing with the same notation used for biaxial

confinement. In adc'ition, the notation used for the principal

qi
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stress ratio, K, was expanded to describe the ratio of iI to 03

and 02 to Cy3' denoted as KI3 and K23 , respectively.

Two patterns of variation of stress were used in the

triaxial confinement series. Tests were performed with a variable

mean effective principal stress to examine the effect on V ofs

the individual stress components and to study structural anisotropy.

Tests were also performed with a constant mean effective principal

stress to evaluate the effect on V of shearing stress at a constants

a and to further examine the variation of V with the stress
0 s

components.

For those tests performed with a variable mean effective

principal stress, stresses varied from 15 to 40 psi (103.4 to

275.6 kPa) for a range in K13 of 1.0 to 2.67. Only one of the

stress components was varied at a time so that the individual

effects on V of the stress cor yonents could be studied. From
s

these tests, it was found thaL ai and ai are the dominant stressa b

components. Each of these two components were equally important in

the prediction of V by Eq. 8.3. Values of the slope of the log V -s s

log ai relationship ranged from 0.10 to 0.12, and values of the
a

slope for the log V - log ab relationship ranged from 0.08 to 0.11,s

with the values of the slopes dependent on the particular plane of
S

motion. The remaining stress component, G, was found to have' C*

very little effect on V , with the value of the slope of the log V -s s

log Ci relationship ranging from -0.01 to 0.04. As a result,
I
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triaxial confinement results yielded similar results to biaxial

confinement for the effect on V of the stress components.
s

Stress history had no significant effect on V or the
s

stress component relationships. Loading and unloading data exhibited

slightly different values of the factors in Table 8.5, but there

was no trend in the variation, and it was assumed to be due to

experimental scatter. Stress history could be ignored for this

study since it had no effect for either biaxial or triaxial

confinement.

In an effort to predict shear modulus, Eq. 8.4 was re-

evaluated for triaxial confinement with the constants shown in

Table 8.8. The sum of the exponents (na + nb + nc) were again found

to be slightly less than the value of n obtained by resonant column

testing.

Measured and predicted shear wave velocities were compared

for the tests with a variable u . It was determined that Eq. 8.2
0

and the results presented in Tables 8.5 and 8.7 yielded values of

V within + 10 percent for + one standard deviation from the average

of the measured values of shear wave velocity.

Structural anisotropy was examined by the rotation of 71

and (5 Shear waves exhibited an anisotropic nature, with wave

velocity dependent on the particilar plane of motion. The structural

anisotropy relationship between the planes was similar for triaxial

and biaxial confinements. It was con:luded that for the shear

waves within any particular plane of motion, the effect of structural

9[
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anisotropy could be ignored. Only when comparing results from

different planes of motion were corrections for structural anisotropy

required.

Tests were also performed with a constant o to evaluate
0

the effect on V of shearing stress. Normal stresses varied from 12s

to 36 psi (82.7 to 248 kPa) for a range in K13 of 1.0 to 3.0. It

was found for shearing stress that shear wave velocity was dependent

on the variation of the normal stress components in the directions

of wave propagation, na' and particle motion, ab" Hence, it is

these two components which determine V rather than the more commonS

G , which assumes equal dependency of V on a ab' and u (the

out-of-plane direction). It follows that V depends on shearing

stress only when Sa or a are changed as a result of shearing

stresses.

q
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CHAPTER NINE

RE-EXAMINATION OF RESULTS FROM PREVIOUS EXPERIMENTS

9.1 INTRODUCTION

As the final step, shear wave velocity data was re-examined

from previous studies in light of the conclusions drawn for this

study. Hence, shear wave measurements from comparable experiments

were examined to determine if V was, in fact, equally affected byS

the principal stresses in the directions of wave propagation (0)
a

and particle motion (a b), and was relatively independent of the

principal stress in the out-of-plane direction ( ). Three experi-c

ments were found applicable for this analysis: Lawrence (1965),

Hardin and Black (1966), and Roesler (1979). For each of these

publications, sufficient shear wave velocity measurements and

principal stress data were included to permit the analysis. These

experiments were all conducted with dry sand under isotropic and

biaxial states of stress.

Examination of the shear wave velocity data was principally

directed at the relationship of V to a and ab The decision was
s a

made to compare measured values of V with (a + a ) because of the

approximately equal dependence of V on these two stress components
s

found for the sand used in this study. It should be noted, however,

that this similarity of effect on V could depend on the method ofs
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soil placement and construction as well as the type of soil being

tested. The possible effect of soil type on the relative importance

of a aand ab on V was minimized by reviewing experiments which had

only used dry sand.

In this chapter, each of the three experiments used are

briefly reviewed, and the results of the analysis of the log V -
s

log 11(ca + ab) relationship are presented.

9.2 REVIEW OF PREVIOUS EXPERIMENTS

Each of the experiments used in this analysis were first

discussed in Chapter Two. However, brief summaries directed

toward those aspects of the experiments which are pertinent to this

analysis are presented herein.

Lawrence (1965) performed shear wave velocity measurements

in dry sand using a modified triaxial cell with piezoelectric

crystals as shear wave generators (see Sections 2.2.2 and 2.4.1).

Lawrence performed a test series on the same sand sample which

included five repetitive loading paths in which the cell pressure,

a3, was held constant (at a different pressure for each loading

path) while the axial stress, a1' was increased. For this method of

stress variation, neither shearing stress or mean effective principal

stress remained constant. Because vertically propagating waves were

generated, a1 is synonymous with a a and G3 is synonymous with ab

and c

qC
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Hardin and Bla:k (1966) used resonant column testing to

measure shear wave velocity in dry sand (see Sections 2.2.1 and

2.4.2). A loading path was followed which consisted of an initial

loading sequence and a subsequent unloading and reloading sequence.

During the source of these sequences, the sample was subjected to

a variety of isotropic and biaxial states o4 stress in which the

axial stress, al, and the cell pressure, a , were varied either one

at a time (the remaining stress held constant) or in unison. Hence,

the shearing stress and a could be independently controlled. All0

U testing was performed with one sample of sand.

Data was presented by Hardin and Black in terms of shear

modulus, G, rather than shear wave velocity. The conversion was

made from G to V using Eq. 7.4 along with a calculated value for

3
sand density of I1 pcf (1796 kg/m ). This density was determined

for a void ratio of 0.52 and an assumed water content of one percent.

14 Roesler (1979) conducted shear wave velocity measurements

with a torsional shear wave exciter embedded in a small cube of sand

(see Sections 2.2.4 and 2.4.7). The sand sample could be subjected

to a cell pressure (-3) and an additional axial load (5 ) which, by3 1

rotation of the sample, could be applied along any principal axis *

of the cube. This ability to rotate a allowed Roesler to conduct
1

three sets of tests, with each set having the axial load varying

along one particular principal axis while a remained constant.
3

Hence, any one of thestress components could be varied while the

q other two remained constant. Since no mention was made, it was
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assumed that one sand sample was used for the sets of tests in which

a and a varied. Two sand samples were used for the test set in
a b

which (T was varied.
c

9.3 SUMMARY OF EFFECT OF STRESS COMPONENTS ON V
s

Analysis was first performed for the rel--ionship of V5

with the individual stress components by examining the change in V
s

as only one of the stress components was varied. Lawrence (1965)

performed tests in which only a was varied. Hardin and Black (1966)
a

performed four series of tests in which only a was varied and twoa

series of tests in which both u b and a were varied simultaneouslyc

(cell pressure changed). Roesler performed tests in which each

17 stress component was individually varied. A least-squares fit was

performed to determine the slope of the log V - log o relationship

for each varying stress component, and the results are summarized in

Table 9.1.

Based on Table 9.1 for the data from Hardin and Black

(1966) and Roesler (1979), the slopes of both the log V - log as a

and log Vs - log ab relationships range from 0.11 to 0.14. (For

the data of Hardin and Black, it was assumed that the slope of the

log V - log a portion of the data was negligible as found by

[ IRoesler and by this study.) As seen in Table 9.1, although Roesler

found the slope of u was slightly larger than for Tb, the data fora

Nardin and Black show the opposite trend. The range in values of

* slope can be attributed to differences in methods of sample

lie!
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TABLE 9.1

Influence on Shear Wave Velocity of Orientation of
Principal Stresses from Data Presented by Lawrence
(1965), Hardin and Black (1966), and Roesler (1979)

Varying Stress Test Slope of
Component log V - log as

Relationship
(1) (2) (3)

OLawrence (1965)
a Path 1 0.16

Path 2 0.12
W Path 3 0.10

Path 4 °0.07

Path 5 0.14

a Hardin and Black (1966)
a Tests 5-19 0.11

Tests 12-19 0.13
Tests 24-34 0.11
Tests 39-50 0.11

a Roesler (1979) 0.14
a

ab and a Hardin and Black (1966)
Tests 56-60 0.13
Tests 64-69 0.14

Yb Roesler (1979) 0.11

(Y Roesler (1979) 0.00
c

W

[2
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construction, different sand types, and experimental scatter.

Nonetheless, it appears from these results that both a anu -
a b

have a similar effect on V

The results for the data presented by Lawrence shows no

trend in the slope of the log V - log a relationship. Load paths a

five, which had the highest values of pressure for a , had a

similar slope to load path one, which had the lowest values of

pressure for a . Therefore, the relationships between V and
a s

the stress components seems to be consistent over a wide range in

pressures (20 to 180 psi; 137.8 to 1240.2 kPa).

9.4 VARIATION OF V WITH DOMINANT STRESS COMPONENTS5

Based upon the conclusion that V is equally affected by

a and a, the log V - log (a + a ) relationships for Lawrence
a b s a b

(1965), Hardin and Black (1966), and Roesler (1979) are shown in

Figs. 9.1, 9.2, and 9.3, respectively. Figure 9.2 separates the

data presented by Hardin and Black into the loading sequence shown

in the upper figure and the unloading and reloading sequences shown

in the lower figure. A least-squares fit was performed for the

data included in Figs. 9.1, 9.2 and 9.3 with the log V -
s

log V3 + ab) relationship shown as a sloping straight line ina b

each figure.

The slopes of the log V - log (Ga + ab ) relationships

are summarized in Table 9.2. These slopes ranged from 0.24 to

0.28. The high values of the coefficient of correlation indicate

q
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TABLE 9.2

Variation of Shear Wave Velocity with Directions of Wave
Propagation and Particle Motion for Data Presented by

Lawrence (1965), Hardin and Black (1966) and Roesler (1979)

Test Description of Test Slope of Coeff ent

log Vs -  0.
-- Corre" 'on

Relationship

(1) (2) (3)

Lawrence (1965)

Path 1 a increases as ab9 a constant 0.25 0.99a b c

Path 2 a increases as a, a constant 0.18 0.98
a b c

Path 3 a increases as ab' a constant 0.17 0.99Sa c

Path 4 a increases as ub' a constant 0.10 0.64
a c

Path 5 a increasea as ab' a constant 0.24 0.89a c__ __ _

Overall 0.26 0.98

Hardin and Black (1966)

Tests 1-56 increasing a 0.24 0.99

* Tests 56-74 decreasing y0 (unloading) 0.28 0.99

Tests 74-105 increasing a (reloading) 0.27 0.99

Roesler (1979) 0

o a increases as ab' a constant 0.28 0.99°a c

Cb increases as a a c constant 0.25 0.99

a increases as a, a" b constant 0.25 0.97

c

.. . .
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that there is a high correlation between V and a + b

suggesting that a and ub effect V in a similar manner and that a 0

is not the controlling factor for V
S

9.5 SUMARY AND CONCLUSIONS

The results from three experiments (Lawiance, 1965;

Hardin and Black, 1966; and Roesler, 1979) were reviewed to examine

the shear wave velocity data in light of the conclusion that V5 is

equally dependent on a and ub for sand. Because the dependency

of V on a and ,b may be effected by the method of sample con-s a o

struction and soil type, only tests performed on dry sand were

examined.

Aralysis showed that similar slopes were obtoir d for

both the log Vs - log a a and log V - log ob relationships, with

values ranging from 0.11 to 0.14. The slopes did not seem to be a

function of the level of stress. There was a high degree of

correlation for the log V -, log (a + ab) relationship indicating

that there is a relationship between these values. Therefore, the

conclusion that V sdepends equally on only a a and b is reasonable

from examination of data presented in these three independent

experiments.
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CHAPTER TEN

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

10.1 SUMMARY AND CONCLUSIONS

The general purpose of this research project was to

evaluate the effect of the three-dimensional state of stress on

the dynamic properties of soil. As this was the initial effort

within the project, this segment of the research dealt with:

1. the design and construction of a triaxial testing device, and

2. the investigation of the effect of state of stress on the

velocity of shear waves propagating along principal stress directions

in dry sand.

10.1.1 Triaxial Testing Device

Much of the effort of this study was directed towards

the development of a triaxial testing device, the key component of

this research. For the study of wave propagation in soil, a

device was desired to apply confining stresses on a soil mass which

would model a wide range in stress states to which soil is subjec-

ted in the field. The device was constructed of reinforced steel

and was designed to hold a cubical soil sample measuring 7 ft

(2.1 m) on a side. These dimensions were preferable since it

produced a large central portion of soil which was relatively free

of boundary effects.

U1

U1
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Loading of the soil mass was achieved with rubber membranes

placed between the sand and steel walls of the cube. The membranes

were placed on three mutually perpendicular sides of the cube,

corresponding to the three principal stress directions of the soil

sample. Hydraulic loading was used to apply a confining stress on

the soil mass which ranged from 10 to 40 psi (78.9 to 275.6 kPa).

A wave source, excitable from outside the cube, was

used to generate waves at the boundary of the soil mass. The

source hammer could be struck parallel or perpendicular to the side

of the cube to generate shear or compression waves, respectively.

Source hammers were located along each of the three principal axes

of the soil mass. Shear and compression wave motions were monitored

by a spacial array of three-dimensional accelerometers placed

within the cube. Two digital oscilloscopes were used to record the

output from the accelerometers for later analysis.

The waveforms recorded by the oscilloscopes were used for

this study to determine direct and interval velocities and fre-

quencies of shear waves generated at the various states of stress.
-q

Six types of shear waves were generated at all test pressures, with

two types propagated along each of the three principal axes of the

cube (top-bottom, north-south, east-west). For each direction of

propagation, shear waves were generated in two perpendicular

directions of particle motion.

In addition, stress and strain measurements were recorded
'f

for various states of stress. The results of the data analysis for

'U
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shear waves is presented herein, while the results of the compression

waves are presented by Kopperman et al (1982). Although not

analyzed for this study, attenuation characteristics were also

recorded for the shear waveforms to be used in future analysis.

The test sample itself was composed of a dry, medium to

fine, washed mortar sand. The sand was rained into the cube from a

minimum height of 2.5 ft (0.76 m) to obtain a soil sample of

medium density.

10.1.2 Stress-Strain Measurements

The cube was loaded so that the planned state of stress

occurred on the horizontal plane at the mid-height of the cube,

with stresses corrected for overburden pressure, hydraulic gradient,

and differing piezometric elevations. Because of problems with the

strain equipment, no readings were taken for the first half of the

test series. As a result, only crude estimates of volume change

were possible for the strains occurring within the soil mass. Stress

measurements were recorded for the full test series, but these

g measurements were subject to the significant high scatter typical

of these electronic devices.

Based on the stress-strain data available, only small

strains (less than 0.3 percent) were created within the sand. A

large initial strain was believed to have been caused by seating of

the membranes, whereby spaces between the membranes and the steel

walls of the cube were filled before pressure was exerted on the
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sand. After initial seating, the stress-strain relationship was

fairly elastic with no evidence of stress history.

10.1.3 Effect of State of Stress on V

Shear wave velocities were measured under a number of

isotropic, biaxial, and triaxial states of stress. All waves

generated for this study were body waves since they were propagated

through the soil mass itself. The following conclusions were

based on the results of shear waves propagated through dry sand.

The velocity of the shear wave depended about equally on

the normal principal stresses in the directions of wave propagation

and particle motion and was relatively independent of the normal

principal stress in the out-of-plane directions. Prior to this

study, it was generally assumed that V was related to the means

effective principal stress, U09 which is a function of all three

PIT principal stresses. In addition, the generalization that Vs was

not affected by the level of shearing stress for a constant 0 waso

found to be incorrect. Shear wave velocity was found to be

controlled by u a and ab9 and if the average of these stresses,

(Ga + b), varied, then Vs changed accordingly even for a constant

0

As expected, stress history had little effect on shear

wave velocity for the sand used in this study. For the initial

isotropic series of tests, values of V differed by a maximum of

six percent with an average variation of three percent. For the

w
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subsequent biaxial and triaxial tests, similar shear wave velocities

for loading and unloading pressure sequences were measured, with

experimental scatter less than 10 percent. This range of scatter

was considered reasonable, and, therefore, it was concluded that

stress history had little effect on this sand.

Structural anisotropy was found in the sand sample.

Structural anisotropy grouped the shear waves into three planes of

motion, that is planes which were defined by the directions of

wave propagation and particle motion. A maximum difference of

18 percent was determined between all three planes of motion.

This difference in V between planes of motion did not, however,S

affect the relationship between V and a and ab" Shear wave

velocity was found to depend equally on a and ab for all thea b

planes of motion, although the exact relationship did vary slightly

from plane to plane.

lipThe relationships of V to the stress directions may be
s

expressed in a general form as (after Roesler, 1979):

-ma - mb - mc (10.1)•V = C 1 CY (Tb C i0I
s a c

where: V = shear wave velocity in fps,

CI = constant,

a = effective principal stress in the direction of wave

propagation, in psf,

ma = slope of log V - log a relationship,
s a
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a 0b = effective principal stress in the direction of

particle motion, in psf,

mb = slope of log V - log 0 b relationship,
s

a = effective principal stress in the out-of-planeC

direction in psf, and

mc = slope of log V - log a relationship (typically mc

s c

was found to be zero).

Constants for Eq. 10.1 were determined for each plane of

motion with similar values found for isotropic, biaxial, and

triaxial states of stress. The range and average values determined

for these constants for this sand are summarized in Table 10.1.

Shear wave velocity at small strains is related to the

shear modulus at small strains, G , and can be expressed in
max

non-dimensional form as (after Hardin, 1978):

C l-(na+nb+nc) - na - nb - nc
max 0.3+0.7e 2  a b c

where G = shear modulus in desired units,max

C = dimensionless constant,

na = slope of log G - log a relationship,
max a

nb = slope of log Gmax - log ab relationship,

nc = slope of log G - log a relationship,
U max c

Pa = atmospheric pressure in same units as G , and
max

For Eq. 10.2, a a 0b' and a are expressed in the same units as G •

I
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r- The values of the constants were determined for this equation and

are also included in Table 10.1.

10.1.4 Lmportance to Laboratory and Field Testing

The conclusion that the velocity of the shear wave

propagating through sand depends on the stress in the directions of

wave propagation and particle motion is important in the comparison

of laboratory and field tests. Shear wave velocity along principal

stress directions for the field may be predicted for any state of

stress based on dynamic laboratory tests, provided that the sum
3

of aa and ub in the field is equal to the sum of these two stresses

in the laboratory.

Kopperman et al (1982) determined that compression wave

velocity for body waves was controlled only by the principal stress

in the direction of wave propagation. Therefore, dynamic properties

for shear and compression waves can be related in laboratory tests

only where the sum of (ia + ub) for shear waves equals aa for

the compression waves.

W 10.2 RECOMMENDATIONS FOR FUTURE WORK

The recommendations presented in this section deal with

improvements in the triaxial testing device and suggestions for

future testing within the original scope of this study.

The present source hammer should be redesigned to

eliminate the problems of limited access for the hand-held hammer

W to generate waves, sand leakage around the hammer, and the tendency

SI
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of the source to rotate. In this area, the hand-held hammer itself

should be modified to reduce the hitting area and to lessen the

weight of the hammer. This would greatly increase the control of

the generated wave amplitudes. The possibility of using a

mechanical source to generate waves should also be explored.

Finally, an accelerometer should be placed on the source so that

the input wave motion could be examined before it was altered by

the soil.

A new raining device for the sand should be constructed

to attempt to build a more uniform and homogeneous soil sample.

This rainer would hopefully reduce the effect of structural

anisotropy which was found for this study. There are two other

suggestions in the area of sand raining. First, the greased sheets

adjacent to the membranes should be sealed with the WD-40 in them so

that the fluid will not leak out or dry up. Second, the greased

sheets should be weighted on the bottom so that they will not tend

to be blown upwards due to air currents from the sand raining.

An additional membrane should be placed along eacb face

of the cube opposite to the present membranes. The second membrane

would ensure a more continuous stress across the soil sample, but

it must still allow contact of the source hammer with the soil.

The stress cells and soil strain gages should be

calibrated and used to gather stress-strain data froa the soil in

the cube. Care must be given to: the accuracy of the measurements,
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the method of placement, and placement locations in the cube.

Because of the inherent scatter with the stress cells, it is

suggested that at least three be used along each axis of the cube.

This would mean the purchase of additional stress cells, or since

they are expensive, the use of the three cells already purchased

along any one axis of the cube for each soil sample. Statistically,

this would provide more reliable results of the stresses in the

soil.

Additional samples of dry sand should be tested under

similar states of stresses in the cube. The samples would provide

additional data so that the conclusions reached in this study can

be reviewed to determine if the method of sample placement is a

significant factor. Additional tests would also permit evaluation

of the improvements made on the triaxial testing device.

As an aside, should additional samples of dry sand be

tested, it is recommended that an area be set aside where sufficient

amounts of sand can be stored in a dry environment. The process

of drying the sand is a time consuming anI tedious task and should

W have to be done only once.

Subsequent tests should be performed on a variety of

soils to determine if the conclusions about the relationship of
V
W shear wave velocity and state of stress for dry sand are dependent

on the type of soil tested. Other soil types would include

saturated or partially saturated sands, sands with cobbles, or rock

W

w
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inclusions, and cohesive soils. The testing of saturated soils and

cohesive soils will present unique problems.

Finally, testing for this study was conducted only along

-• the principal stress axes of the soil. Future tests should be

performed with the shear waves propagated at oblique angles to

principal stress directions.

V

~1

U

U
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APPENDIX A

TRIAXIAL TESTING DEVICE

Taken in Full from Kopperman et al (1982)

L"p
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APiYENDJ X A

TRIAXIAL TESTING DEVICE

A.1 IN'TRODUCTION

Much of the effort in this project was necessarily

directed toward the design, fabrication, and readiness for testing

of the triaxial cube and associated equipment. This chapter

discusses the design of the triaxial cube and associated equipment

and reviews the development and evolution of each system within

the triaxial testing device.

The triaxial cube is essentially a steel box with interior

dimensions of 7 ft (2.1 m) on a side. Equipment associated with

the cube is used to: 1. place the sand in a uniform state

within the cube, 2. pressurize the sand mass to a desired stress

state, 3. excite compression or shear waves in the sand,

4. monitor and digitally record these waveforms, and 5. monitor

the stress and strain throughout the sand sample during testing.

A schematic drawing of the cube and its associated systems is shown

in Fig. A.l. The cube and associated equipment are located at the

Phil M. Ferguson Structural Engineering Laboratory at the Balcones

Research Center of The University of Texas at Austin.

U

U-

UI
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A.2 STRUCTURE OF THE CUBE

A.2.1 Design Considerations

The cube was planned to provide a cubic sample, 7 ft

(2.1 m) on a side, through which wave propagation tests could be

performed. It was desired to form as large a sample as practical

in order to obtain a central portion of sand which would be rela-

tively free of any boundary effects. One boundary effect results

from the loading system creating uncertain stresses in the sand

along the sides and especially in the corners of the cube. The

dimensions selected fcr the cube provide a central, 4-ft (1.2 m)

cubic portion of sand which is considered free from edge effects.

In its simplest form, the cube was inlitially envisioned

as a large box colposed of interconnected steel plates approximately

7 ft (2.1 m) square. However, subsequent calculaLions showed that

a plate thickness of i in. (30.5-cm) would be required to restrict

the bending of the plates to an acceptable value under the desired

maximum working pressure of 50 psi (345 kPa). Plates of this size

were impractIcal because of high fabrication costs and excessive
6

weight. A compromise between reduced plate thickness and sub-

stantial reinforcement was chosen to reduce the cost of the material

and welght of the cube to acceptable values. In the final design,

0.357-in. (0.95 cm) thick, mild steel plates were employed to form
-e r

all six sides of the cube. These steel plates were reinforced with
r

longitudinal I-beams and lateral angle and plate bracing so that
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[ "! the cube could withstand a working pressure of 50 psi (345 kPa)

over any side. The gross weight of the steel structure is estimated

to be about 5 tons (4500 kg).

o A.2.2 Cube Construction

The cube was designed to be built in three separate

sections: 1. the bottom with four base legs, 2. the four sides,

and 3. the top. These three sections were then bolted together

to form the completed structure. In typical use, the four sides

remain bolted to the bottom section and only the top is removed as

W
the cube is filled or emptied of sand. The construction procedure

for these sections was: 1. complete the bottom section with base

legs, 2. tack weld the four sides together and bolt them to the

bottom, 3. complete the top of the cube and examine the fit with

the four sides, and 4. with the top removed, finish welding the four

sides of the cube together.

I
The top and bottom sections are similar in design except

for the addition of four legs on the bottom section. Each section

begins with a 7-ft (2.1 m) square steel plate. Steel reinforcement

is then weldi to the plate as shown in Figs. A.2 and ,\.3. Along

the edges of the plate, angle sections are welded which have bolt

holes fabricated in them to allow the top and bottom sections to be

secured to the four sides. The angle sections on the east and west

edges are L2x2 each with a row of seven equally spaced 0.625 in.

(1.58 cm) diameter bolt holes, and the sections on the north and
W
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L. 8x8 Steel Plate Sections

Exc itat ion
Port 10f n

7 ft 2 in.
7 ft 2 in.

Fig. A.2 -Cut-Away, Isometric View of Triaxial Cube
Showing Top Reinforcement Details
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south edges are L6x3 each with a pattern of seventeen 1.0-in.

(2.54 cm) diameter bolt holes. Four L8x8 angles are welded across

the steel plate in two pairs, each pair centered on half of the

steel plate. Additional reinforcement of 0.5-in. (1.27cm) thick

steel plate is welded between the adjacent L8x8 angles for their

entire length of 7 ft (2.1 m).

The legs on the bottom section are included in the design

to allow access to the bottom of the cube with its excitation port

(see Section A.3). The legs are fabricated from L5x5 angles and

elevate the bottom of the cube 2.5 ft (.76 m) above the floor

surface. Reinforcement of 0.5-in. (1.27 cm) thick steel plate is

included above each leg to prevent punching through the bottom

face of the cube by the legs when the cube is filled with sand.

Small sections of 0.5-in. (1.27 cm) thick steel plate are welded

onto the leg angles to withstand any buckling or bending moment

in the legs due to the weight of the sand and cube.

For the top and bottom sections, the reinforcement was

first tack welded to the steel plates and then completely welded

together as a unit. Unfortunately, these sections had to be

welded without being secured in place with the cube framework.

This permitted some slight bowing of the steel plates due to the

welding heat which was corrected in the final stage of welding.

The four sides of the cube are constructed of 0.375-in.

(0.95 cm) thick, steel plates with angle and I-beam reinforcement.

UThe steel plates are 7-ft wide (2.1 m) with two plates 7.5-ft (2.3 m)
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VW 1 high and the other two plates 8.2-ft (2.5 m) high. The additional

height contains fabricated bolt holes corresponding to those of the

angles along the top and bottom sections. Steel angles are

vertically welded as lateral reinforcement around the mid-section of

the sides as shown in Figs. A.3 and A.4. Each side has four,

L3 x3 and two, L6x6 angles. The angles transfer the load to two,

longitudinal, 14-in. (35.6 cm), W14x26 I-beams. The I-beams are

horizontally welded to form two continuous rings around the cube

with the lateral reinforcement between them. Two more longitudinal

rings of 12-in. (30.5 cm), W12xl6 1I-beams restrict the bending of

the upper and lower regions of the steel plates. The longitudinal

reinforcement is shown in Figs. A.3 and A.5. The extreme edges of

the steel plates are rigid due to the plate-to-plate welding on the

sides and the bolt connections along the top and bottom sections.

The procedure used in constructing the sides of the cube

MU_ consisted of: 1. tack welding the reinforcement to the side plates,

2. bolting each side to the already completed bottom, 3. tack

welding the four sides together while bolted to the bottom, and

4. final welding of the reinforcement to the side plates. The

procedure was followed in order to reduce the possible deformation

of the thin, flat steel plates due to the welding heat. Initial

tack welding secured the reinforcement to the side plates with a

minimum of heat created in the plates, thereby reducing the

curvature produced in the side plates. With the four sides bolted

to the bottom, tack welding of the plates together ensured that the
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LongitLudinal Rienforcemnent

Lateral Reinforcement

Accelerometer

j.

L 6x6 L 2Wl 14 x26

Fig. A .4 -Cross-Sectional View Along Central

Horizorncal Plane in Triaxial Cube
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final shape would not deform considerably from the design shape.

Measurements of the finished cube verified that there was no significant

deviation of the cube from the desired shape. The final interior

dimensions measured along the edges and across the center of all

plates varied by less than + 0.785 in. (2.0 cm) from the designed

length of 7 ft (84 in. or 213.4 cm), or 0.9 percent.

A.2.3 Special Features of the Cube Structure

The final design of the structure incorporates several

desirable features. The cube has been designed as a free-standing

structure without the need of any external support. This permits

the cube structure to be located at any site where the associated

equipment has adequate support. In addition, lifting lugs are

provided on the top section of the cube to permit movement of the

cube, whether full or empty of soil, with the 25-ton (22,700 kg)

overhead crane available at the Ferguson Laboratory. Further,

excitation ports were fabricated in each face of the cube to provide

complete versatility in the location of wave generation. A source

hammer can, therefore be placed in any of the six faces.

To make access to the cube easier and safer during

operation, a steel ladder and wood scaffolding were constructed.

The steel ladder was built at the same height as the uppermost

I-beam, approximately 9 ft (2.7 m) above the floor surface. This

allows easy access to the top of the cube and provides a safe

elevated working platform. Rollers were included on the ladder to
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facilitate movement around the cube as space restrictions dictate.

Wood scaffolding was constructed to provide large working platforms

at the same height as the uppermost I-beam and to run along two

sides of the cube. The scaffolds provide a safe walkway

during cube filling operations. After the cube is filled with sand

the scaffolds can be easily dismantled and stored near the cube.

Figure A.6 shows the assembled scaffolding next to the cube.

The cube was painted two shades of blue on the outside,

light blue on the steel plates and dark blue on the reinforcement.

* All of the inside of the cube was painted light blue. The steel

ladder was also painted light blue. Figure A.7 shows the completed

cube structure.

A.3 LOADING SYSTEM

To study wave propagation in soil, it is necessary to apply

confining stresses on the soil mass which attempt to model those

three-dimensional stresses the soil is subject to in the field.

By designing a loading system which simulates field conditions,

the resulting wave propagation data can be examined more realisti-

cally. Non-rigid membranes were desired for the loading system

in order to model stress-controlled conditions. A non-rigid, stress

controlled boundary allows non-uniform strains in the sand mass but

better simulates desired conditions of uniform stresses within

the sand (Arthur and Menzies, 1972). Rigid, strain-controlled

boundaries can cause mechanical problems due to sample deformation

qI
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Fig. A.6 - Sand Filling Operation in Progress
With Wood Scaffolding in Place
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L Fig. A.7 -Completed Cube Structure
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in the corners of the cube. Further, rigid boundaries, although

causing uniform displacements, do not guarantee unitorm stresses

in the sand mass.

A.3.1 Membrane Operation

Confining stresses are applied to the sand mass by three

membranes placed on the inside of the cube: one along the top

and one on each of two adjacent sides. An exploded view of the

membranes within the cube is shown in Fig. A.8. In this configura-

tion, one membrane is used to apply pressure along each of the

three principal axes of the cube. The membranes are confined

along their perimeter by steel ribs of 3/4x3/16 in. (1.9 cm x 0.48 cm)

bar section welded along the edges of the inside faces of the cube

at 45-degree angles away from the plane of the cube face. These

ribs are assumed to confine the membrane edges from expanding

toward an adjacent membrane, thereby preventing the tendency of

the membranes to stretch and burst along the edges (Sutherland

and Mesdary, 1969; Arthur and Menzies, 1972). With this confine-

ment, each membrane is isolated from the others, and so each membrane

exerts a pressure only along its respective axis. This arrangement

permits independent control of the pressure in each of the three

principal directions. Loading conditions on the sand can then be

isotropic (a = 2 = 3) baxial ( 2 = 3) or true triaxial

(a > a 2 >3

1 2 .. ....)
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%.2.2 Membrane Characteristics

Initial discussion of the loading system lead to an ideal

membrane design which would: 1. be capable of attaining and

indefinitely maintaining the maximum desired pressure of 50 psi

over the entire cube face, 2. have rugged and durable construction

with puncture and tear resistant materials, 3. present no opera-

tional hazards, 4. be simple and quick to pressurize, 5. be

manageable, and 6. have a reasonable cost. It was felt that the

final membrane design should incorporate an optimum mixture of

these characteristics. Triaxial cells of much more limited size

possess membranes with similar characteristics (Ko and Sture, 1974;

Ko and Scott, 1967; Laier, Schmertmann, and Schaub, 1975).

An important design consideration of the membranes was

the decision to use water and not air to pressurize the membranes.

Fluid under these pressures is safer than air because of the

incompressibility of the fluid. Leakage detection in the membranes

would be easier with water filled membranes since water can be

visually monitored while air. cannot. Water entering the membranes

0 would be indicative of leakage and water elevations in the panel

board accumulators (see Section A.3.5) could be easily monitored.

Finally, water prdvides a more desirable vertical pressure distri-

* bution on the sand mass, as compared to air, This stems from the

fact that, for any elevation in the cube, the water or air and the

sand exhibit side forces due to the weight of material above it.

t This side force is in addition to any pressure in the water or air.
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For the water the lateral force would be equal to the weight of water

above it (K = 1.0), or 62.4 psf per ft (9.8 kPa per m) of elevation

head. While for sand, the force is estimated to average about 0.4

of the weight above a given load (K = 0.4), or about 40 psf per ft

(6.3 kPa per m) of elevation. The density of air is so small that

its side forces are negligible. There are organic fluids available

which possess densities lighter than water and are therefore more

mathematically attractive but their high cost and hazardous pro-

perties reduce their value. Therefore, it was decided to use water.

Also, it was decided to commence testing at 10 psi to reduce the

significance of the non-uniform vertical and horizontal pressure

distribution.

A.3.3 First-Design Membranes

A number of possible membrane solutions were considered,

which fell into three general categories: 1. use of a currently

manufactured product, either directly as produced or modified as

required, 2. use of membranes professionally constructed as per

* specifications, or 3. construction of membranes ourselves. Those

products currently manufactured include dunnage bags, water

pressure bags, and utility bags. Each of the solutions contained

most of the desired membrane features, with the solutions having

a wide range of cost and each solution possessing its own drawbacks.

After examining each of the potential solutions it was

decided to construct the membranes ourselves. This choice seemed

U
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to offer fabricated membranes at the lowest cost and of the precise

configuration needed. This version of the loading system consisted

of membranes made of 0.063-in. (0.16 cm) thick, Butyl rubber sheets.

Each membrane was formed by bonding together the edges of two

sheets of Butyl rubber; a smaller sheet cut to the size of the

cube face against which it was to be placed, and a larger sheet

cut to allow a 4-in. overlap splice along the perimeter edges of

the smaller sheet. The edges of these two sheets were bonded

together with cement to form a continuous lap seal around the

perimeter of the smaller sheet. A sealant was placed inside the

membrane along all lap-splice seams to form a water tight seal

between the two sheets. In addition, a sheet of filter fabric

material was placed between the rubber sheets in each membrane,

permitting water to permeate freely throughout the membrane. Water

under pressure throughout the membrane would ensure that the

pressure would be distributed equally and completely across the

cube face in contact with the membrane. Figure A.9 shows the details

of construction of these membranes.

g The procedure for membrane construction consisted of:

1. cutting and aligning the rubber sheets and filter fabric,

2. cleaning the sheets along the overlap splice witl. wire brush

and heptane, a rubber solvent, 3. applying the sealant with a

caulking gun in a continuous bead along the inside fold of the

intended overlap splice, 4. placing the bonding cement on the

corner sections of the rubber sheets to be sealed and folding over



299

7 f

Inflow/Outflow Port

SButyl Rubber
Membrane 7 ft

=-4 in. Lap-Splice

Inflow/Outflow Port in.

II

a. Typical Membrane with Inflow/Outflow Ports

Filter Fabric

--Inside Face

Outside Inflow/Outflow
Face Port Filter Fabric

b. Detail of Membrane with Cube Sand
Inner Filter Fabric Wall Butyl Rubber

c. Expanded View of
Inflow/Outflow Port

Fig. A.9 - Construction of First-Design Membranes
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and pressing together the corners, and 5. repeating step 4 along

the perimeters of the rubber sheets.

Pressurizing the membranes was to be accomplished through

two inflow/outflow ports incorporated in opposite corners of each

membrane. These ports provided a channel from the exterior pressure

lines through the steel cube walls and into the membranes. These

ports consisted of a 4-in. (10.2 cm) long by 0.38-in. (1.0 cm)

diameter pipe nipple passing through one of the Butyl sheets.

This short pipe was screwed into two, 6-in. (15.2 cm) diameter

steel plates between which was fastened the rubber sheet. The

plates had a combined thickness of 0.5 in. (1.3 cm). Sealant

was placed around the 6-in. (15.2 cm) diameter steel plates of the

port and along the screwholes and connections to prevent any water

leakage. Once the sand was in place, the membranes would be

filled with water through the bottom port while air would be

expelled from the top port until the water level in the membrane

reached the top port.

The membranes were pretested to determine how well they

4 were sealed. This was performed by pressurizing the membranes

while confined in a "test chamber." A load bearing floor which was

available at the Ferguson Laboratory was used as the bottom,

bearing plate. A wood frame was constructed around the membrane.

The wood frame was bolted to the floor and was used to resist

lateral expansion of the membranes. The membrane was then placed

on the floor with the ports pointing upward. The top of the cube



301

r- was set on the wood frame and bolted down to the floor to restrict

the expansion room of the membranes as they were filled and

pressurized.

Leakage was found in all membranes around the ports and

along the seams near the corners. There were two primary reasons

for these leaks; the complexity of constructing a large waterproof

membrane from Butyl sheets and our own inexperience in working

with Butyl rubber and bonding cement. Several solutions were

considered: 1. cover the steel plates of the ports and nearby

rubber membrane area with extra sealant and patch with an additional

sheet of rubber, 2. replace the present ports with ones molded in

rubber, 3. mold the membrane corners in a rubber covering, and

4. seal and patch the leaks as found by pressure testing. These

solutions were judged too costly, either directly with dollars or

indirectly with time, and too uncertain as to their effectiveness

in preventing leaks.

The possibility of using air in the leaking membranes

instead of water was re-examined. Water had the advantages

previously discussed, but air had the advantage that the pressure

could be maintained in the membranes, despite leakage, by continually

injecting air and continuing to test. The use of air in the leaky

membranes was rejected, however, because air leakage would cause

vibrations disruptive to the sensitive accelerometer records and

could build up a pressure in the sand in the cube so that the

effective stress would not be known. 2

ELi



302

A.3.4 Final Membrane Design

It was evident that a new membrane design was needed and

so the various solutions were reviewed. Because of the prohibitive

cost, having the membranes professionally constructed was eliminated

from further consideration. Of those products currently manufac-

tured, dunnage bags and water pressure bags were most applicable.

1However, both bags would have to be modified in some manner before

they could be used in the cube. Essentially both products are

similar in design and material. The dunnage bags are intended for

air inflation to protect shipped cargo and are only available in

certain sizes. The water pressure bags are for water storage and

can be manufactured to a variety of dimensions. Each type of bag

would need a second fitting installed in the membrane to form the

inflow/outflow ports. Both fittings could be placed as per

specification. Filter fabric could not be used with either bag

because of problems with heat generated during -anufacturing and

the inability to secure the filter fabric inside the membranes

once constructed. In terms of materials, nylon reinforced rubber

is used in the construction of both bags and each type of bag could

withstand a maximum pressure of 40 psi (276 kPa) under the limited

expansion which would occur in the triaxial cube. In terms of cost,

K. water pressure bags are slightly less expensive than dunnage bags.

Water pressure bags, manufactured by the Goodyear

Aerospace Corporation, were chosen because of the variety of sizes

[q offered and the slightly lower cost. The loading system consists
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of membranes made of 1/16-in. (0.16 cm) thick, abrasion-resistant,

nylon- reinforced rubber sheeting. Each of the membranes is

formed as a one-piece, vulcanized, water retaining unit, manufactured

with the same dimensions as the respective cube face. Two fittings

are located in opposite corners of the bags as specified. These

fittings are 1/4-in. (0.64 cm) diam pipe nipples of 3/4 in. (1.91 cm)

length to which pressure lines at the Ferguson Laboratory can be

attached. Grommets are installed along what will become the upper

edge of the two side membranes to facilitate hanging the bags on

* the cube during filling. Figure A.10 is a photograph of one of these

membranes with a close-up view of one of the fittings.

Both heat and pressure are used to vulcanize these

membranes, in a process whereby a bonding compound reacts with the

rubber sheets. Paper is placed between the rubber sheets where it

is desired to keep the sheets separated. When completed, the mem-

branes are inflated to tear apart the paper which becomes stuck

to the rubber sheets during the heat and pressure stages. Personnel

at Goodyeac felt that the paper on the inside of the membranes

* would act much like filter paper and allow the water pressure to be

evenly distributed over the entire membrane.

A.3.5 Hydraulic Loading of Membranes

The membranes are loaded throughout the working pressure

range of 10 to 40 psi (69 to 276 kPa). With the membranes full of

water, air pressure is used to pressurize the water. This is
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accomplished through a specially constructed panel board shown

schematically in Fig. A.11 and by a photograph in Fig. A.12. Air

pressure from the Ferguson Laboratory air supply enters a manifold

in the panel board at 125 psi and is then independently controlled

by three air regulators, one regulator for each membrane.

The air pressure is set using the air regulators in

conjunction with a 12-in. Heise type CM pressure gauge (accurate

to within + 0.1 percent of full scale reading) which is mounted in

the panel board. The gauge is also used to monitor the pressure in

* each membrane during testing. The regulated air pressure for each

membrane passes to an air-water accumulator where the air pressure

is transformed into water pressure. The water pressure is then

directed toward a membrane outlet in the panel board to which a

pressure line from the membrane is connected.

The panel board car, also be used to fill the membranes as

ILW, the sand is placed. A water source from the Ferguson Laboratory

is connected to the panel board. Water can be pumped directly

through the accumulator to the membranes. As a membrane nears full

* capacity, up to 0.5 gallons (1.9 L) of water can be stored in the

accumulator from where it can be forced into the membrane with the

aid of air pressure.

A.4 EXCITATION PORTS

Since the objective of this research is to study the

propagation characteristics of P- and S-waves through a soil mass,

a mechanism for generating these waves at the soil boundaries is
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Ui

Fig. A.12 - Panel Board Used to Pressurize Membranes
in Cube
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necessary. The ideal situation is a wave source in contact with the

boundary of the soil mass inside the cube which is excitable from

outside the cube. To achieve this goal, ports (i.e., holes in the

cube walls) have been placed in the center of three mutually perpen-

dicular sides of the cube: the bottom and two adjacent sides.

At each port, an excitation system is attached which is composed

of: i. an excitation anvil, 2. a hand-held hammer, 3. an external

frame, 4. an external adjustment screw, and 5. an internal frame.

This system (without the hand-held hammer) is shown in Figs. A.13

and A.14.

a

A.4.1 Wave Generation

The excitation port permits generation of P-waves or

S-waves at the boundary of the soil mass by striking the anvil with

the hand-held hammer. A 3-in. (76.2 mm) square plate at about the

midlength of the shaft of the anvil is provided for the striking

* surface. Shear waves are generated in the soil by striking this

plate either horizontally or vertically (parallel to the side of

the cube). Compression waves are generated by striking the plate

on the anvil in the direction of the axis of anvil (perpendicular

to the side of the cube).

q A.4 .2 Soil-Anvil Contact

To generate distinct waves, intimate contact between the

soil and base of the anvil is essential. The base of the anvil in

contact with the soil is knurled to maximize this contact.
I

S- -~ -- ~ - --- i
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Fig. A.13 - Excitation Hammer in Each Port of Triaxia] Cube
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Fig. A.14 -Close-up View of Excitation Port
Without Impulse Hammer
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'p Additionally, the base of the anvil which is in contact with

the soiL must maintain the same pressure against the soil as the

surrounding face of the cube. Thi is accomplished by using the

adjustment screw shown in Fig. A.13 to push the anvil against the

soil. The screw is threaded through a plate and bears against the

anvil itself. The plate is part of an external frame which is

bolted to the outside of the cube. The bolts holding the external

frame on the outside of the triaxial cube are actually part of an

internal frame which prevents soil displacement around the base of

* the anvil inside the cube when the anvil is excited.

A.4.3 Additional Design Considerations

Vibrations in the wall of the cube become background noise

on the waveform records and must be minimized wherever possible.

For this reason, rubber padding has been placed between the external

frame and wall of the cube as shown in Fig. A.13.

The excitation port assembly protrudes about 6 in. (15.2 cm)

outside of the cube (see Fig. A.14) and about 0.9 in. (2.29 cm)

inside of the cube. These sizes were chosen for ease of handling

and use. The base of the anvil which contacts the soil is also

3 in. (7.6 cm) square and was selected after investigation of the

effect of base size on wave generation characteristics.

A.4.4 Preliminary Testing for Anvil-Base Design

Wave propagation tests were performed in the Dynamic

Response Test Facility at the Balcones Research Center of The
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."University of Texas. This facility is composed of sand that is

very similar to that which was used in the initial tests in the cube.

Three different sizes of base plates were tested; 2-3/16 in.,

3-1/2 in., and 4 in. (5.6 cm, 8.9 cm, and 10.2 cm) in diameter.

The test set-up mirrored the conditions in the cube.

Horizontal and vertical geophones were buried at depths of 12 and

24 in. (30.5 and 61.0 cm) below the ground surface for monitoring

the waveforms in a similar fashion to the accelerometers in the

cube. The base plates were placed on the ground surface (repre-

w senting the soil boundary in the cube) directly over the buried

geophones. The base plates were then struck vertically and hori-

zontally to generate P-waves and S-waves in the soil. Polaroid

pictures of the traces on an analog oscilloscope were used to

record the waveforms monitored by the geophones. Typical records

are shown in Fig. A.15.

After analysis of over 75 records, it was concluded that

the distinctness of the P-wave arrival was the same for all bases,

but there was a slight improvement in the distinctness of the

W S-wave arrival with increasing base size. Since a small port is

desirable in the cube to simulate a point source and since the

improvement in the S-wave was greater between the 2-3/16-in. (5.6 cm)

U and 3-1/2-in. (8.9 cm) diameter plates than between the 3-1/2-in.

(8.9 cm) and 4-in. (10.2 cm) diameter plates, a 3-in. (7.6 cm)

square base plate for the anvil was chosen which has about the

same contact area as the 3-1/2-in. (8.9 cm) diameter circular plate.

wi
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;,.5 MONITORING ALND RECORDING SYSTEM

Compression and shear waves propagating through the sand

in the cube are monitored and recorded with the electronics shown

schematically in Fig. A.16. The core of this measurement system

is a spatial array of three-dimensional (3-D) accelerometers buried

in the soil. Three, 3-D accelerometers are placed along each of

the three principal axes of the sand mass as shown in Figs. A.3

and A.4'. A spacing of about 1.5 ft (0.46 m) is used between

adjacent 3-D accelerometers. Spacing between the accelerometers

S closest to the cube wall and the wall is about 2 ft (0.61 m) so

that minimum interference is caused by reflections of the waves off

of the walls (as discussed in Section 6.X.2). A pair of digital

oscilloscopes are used to record the accelerometer signal output.

,.5.1 Accelerometers

Each 3-D accelerometer package is composed of three

accelerometers rigidly attached in a 1.57-in. (44 mm) square wooden

block as shown in Figs. A.17 and A.18. One accelerometer is

aligned along each of the three principal axes of the cube. Wood
U

(birch) was chosen as the 3-D accelerometer housing material so

that the weight of the 3-D package would equal that of the sand

displaced by the package and so that the stiffness difference
U

between the block and surrounding sand would be minimized. The

average weight of the 3-D packages including accelerometers is

0.31 lb (0.16 kg) resulting in an average density of 100.3 pcf
UI

UI
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Fig. A.18 -Three-Dimensional Accelerometer
Block with Accelerometers Installed
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(1623 kg/m 3 ) compared to an average density of about 96.6 pcf

(1563 kg/m 3 ) for the sand (see Section 3.2.1).

Monitoring of low-amplitude wave propagation through the

sand requires highly sensitive accelerometers. Endevco Isoshear

accelerometers, model 7701, were used. Each accelerometer has a

sensitivity of 0.001 g and a cross sensitivity (sensitivity to

movement not along the major axis) of less than one percent. They

are small in size (0.625 in. dia. x 0.78 in. long (1.6 x 2.0 cm))

and weight (1.0 oz. (28 g)) so as to create minimum interference

as a wave passes and to track closely the particle motion of the

wave. Figure A.19 shows the placement of one accelerometer into

the wooden block.

The electronic signal from each accelerometer is carried

by a coaxial cable of silver plated copperweld conductor with a

fused teflon jacket designed for signal reliability. To ensure

integrity of the wire in the cube during testing, a soil specimen

of the same sand used in the cube was prepared for static triaxial

soil testing with a piece of wire embedded in it. After a number

W of isotropic, drain-d loading cycles, the sample was sheared

under drained conditions. No degradation of the wire or wire

covering was evident. Therefore, it was assumed that no additional

0 protection was required for the cables in the triaxial cube.

The electrical cables from the accelerometers pass through

two small ports in the east side of the cube. After all the

V wires are inserted, the ports are sealed against sand loss by a

li
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Fig. A.19 - Accelerometer Being Placed into a
w 3-D Accelerometer Block

w



320

waterproofing rubber sealant applied from the inside of the cube.

The 21 wires are connected to a switching box outside the cube so

that any nine accelerometers can be connected with charge amplifiers.

Any of these nine signals may then be recorded on the digital

oscilloscopes, FM digital tape recorder (future), or spectrum

analyzer (future).

A.5.2 Recording Devices

Normally three accelerometers are monitored simultaneously

each time an impulse is applied to the source. The three accelero-

meters of interest lie along the axis of the source being excited

and are sensitive along the same direction as the motion of the

anvil as illustrated in Fig. A.20. Because each digital oscillo-

scope is only a two-channel device, two oscilloscopes are required

to record the output from the three accelerometers with one

acceleromter output being duplicated between the two oscilloscopes

for reference. The oscilloscopes are triggered electronically when

the hand-held hammer strikes the anvil of the excitation port.

At this instant, a voltage drop is sent from the trigger to the

oscilloscope by means of a resistance-capacitance circuit initiating

the recording cycle. The trigger has a switch to select any of

the three excitation ports in use.

With the digital oscilloscope, each waveform is recorded

on a floppy diskette for later recall and study. By saving a

waveform digitally, the arrival times and amplitudes may be directly
e
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w
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b. Typical S-Wave Accelerometer Orientation

Fig. A.20 - Accelerometer Orientation in 3-D Packages
Relative to Impulse of Source
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read from the oscilloscope upon replaying the digital record.

The possibility of future direct oscilloscope-computer hook-up is

also possible. In the future, rather than the oscilloscope, an

FM digital tape recorder or spectrum analyzer can be used permitting

recording for analysis in the laboratory at a later date or direct

Fourier analysis.

A.6 STRESS MEASUREMENT

Stresses in the sand within the cube were monitored by

total stress cells within the sand and by pressure gages measuring

the water pressure in the membranes. This was done in an attempt

to insure that the pressure in the sand is the same as that applied

through the loading system. Three total pressure cells, manufac-

tured by Terra Technology, were used to monitor soil pressure in

each of the three principal stress directions. Each cell is a

0.375-in. (0.95 cm) thick by 6-in. (15.2 cm) square unit filled

with oil (see Fig. A.21). A change in stress on the square face

of the cell changes the pressure that the oil exerts on an electric

sensor. The sensor is housed in a 1-in. dia. by 8-in. long

(2.5 x 20.3 cm) sensing unit, rigidly attached to the cell by a thin

tube approximately 0.38-in. dia. by 6-in. long (.95 x 15.2 cm)

which therefore must also be placed in the soil. A pressure

change causes a deformation of a small strain gage in the sensor,

resulting in a piezoresistive change in the gage full inductance

bridge. The signal generated is carried by four-wire cables through
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Fig. A.21 - Soil Stress Cell and Control Unit
(from Terra Technology literature)
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seaied holes in the east and south faces of the cube to an external

control unit.

The control unit automatically converts the signal from

the sensing unit into a digital output for direct pressure

reading in units selectable of psi, feet of water, or inches of

mercury. Three pressure ranges are available: 0-100 psi, 0-300 psi,

0-750 psi (0-698, 0-2067, 0-5168 kPa). Since the maximum design

pressure of the cube is 50 psi (345 kPa), the smallest range,

0-100 psi (0-698 kPa), was used.

The cells were positioned in the cube so that they did

not interfere with generation or monitoring of P- and S-waves.

Details on the placement and results of the stress cells are

discussed in Section I.3.2.

A.7 STRAIN MEASUREMENT

To monitor strains in the soil sample during confinement,

six pairs of soil strain gages were embedded in the sand when the

sample was constructed. Bison soil strain gages, model 4000 series.

were used. Each pair of gages consists of two, free-floating,

disk-shaped sensors embedded in the sand and separated by a known

distance. Two sizes were used in these tests as shown in Fig. A.22:

0.25-in. thick by 2-in. diam (0.64 x 5.1 cm) and 0.38-in. thick by

4-in. diam (0.96 x 10.2 cm). One sensor acts as a driving coil

and the other as the receiving coil. The roles are interchangable

and determined by the control unit outside the triaxial .cibe.

The separation of the sensors is related to the electro-magnetic

- i
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coupling between the sensors, acting in the same manner as the

primary and secondary windings of a transformer (Wetzel and Vey,

1970; Truesdale and Schwab, 1967). The amplitude dial reading

resulting from balancing an inductance bridge is calibrated to

the absolute spacing of the sensors. Strain may be calculated

from the difference between initial and final spacings. The

output meter used for balancing may be calibrated to read strain

for a single set of coils directly from the offset from null

position if the strain is less than four percent. However, in

u these tests, several sets of coils were used, so strain had to be

calculated from the difference between individual readings.

Each pair of gages is used to measure strain only along

the axis running from the center of one sensor to the center of

the other in the pair with both sensors facing each other. There-

fore, six pairs are used in the cube: a 2-in. (5.1 cm) diam

pair separated 4 in. (10.2 cm) and a 4-in. (10.2 cm) diam pair

separated 8 in. (20.4 cm), each oriented parallel to an axis of the

cube. The gages were positioned such that they would not inter-

fere with wave propagation and conversely, any steel components

would not interfere with the electro-magnetic field generated by

the sensors.

Each sensor size (2-in. and 4-in. (5.1 and 10.2 cm)

diameter) has a separate set of calibration curves. Although

cable length will affect the calibration within a sensor size, the

cables of the sensors used are similar enough so that the same

q
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calibration curves for a given size can be used without any loss

of accuracy.

The wires from each sensor were passed through holes

that were later sealed in the east face of the cube. The wires

were attached to a switching box outside the cube. The sensors

may be read one pair at a time on the external control unit which

contains all the driving, balancing and output components required

to operate the sensors. The control unit has an optional output

port which can be attached to a recorder to monitor strain with

li time. This option is not necessary for the current research.

Details on placement in the sand, problems with the

unit, and final results are presented in Section 5.3.3.

A.8 TEST SAMPLE

A.8.1 Soil-Cube Boundary

) Uniform stress througout the soil sample can be achieved

only if there is no restraint at the soil-cube boundaries; that is,

the soil must be free to move parallel to the face (free-free

condition) (Rowe and Barden, 1964; Roscoe, 1953; Bishop and

Green, 1965). To allow this movement, greased plastic sheets were

placed between all six faces of the cube and the sand sample.

W The greased sheets were composed of two layers of 4 -mil

(0.1 mm) polyethylene separated by a thin coat of WD-40 oil. The

method of attachment of the sheets to the cube is presented in

SSect ion .3.1.
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A.8.2 Sand Placement

The object of the sand placement system was to fill the

cube with sand of a uniform density over the entire height of the

V cube. The method of raining sand through air (pluviation) was

chosen over other methods because of the efficiency and uniformity

of placement attainable with this method. Raining sand through

air has been shown to yield uniform, medium-dense samples when the

height of fall is 2.5 ft (.76 m) or greater (Kilbuszewski, 1948;

Beiganousky and Marcusson, 1976). Marcusson and Beiganousky (1977)

also found that when they rained sand through several layers of

screens with openings of about 0.25 in. (0.64 cm), the variation in

density was only + 0.5 pcf (8 kg/m3 ) for a given drop height.

The original raining system is shown in Fig. A.23 and

is composed of a "V" shaped hopper which can be moved across the

top of the cube. The outlet at the bottom of the hopper is 8 in.

(20.3 cm) wide by 7 ft (1.73 m) long. The hopper has a gate for

flow control and two screens (with mesh openings of 0.25 in.

(0.64 cm)) spaced approximately 3 in. (7.6 cm) apart just above

the bottom of the hopper. The gate is comprised of a series of

twelve, 3-in. by 12-in. (7.6 cm by 30.5 cm) doors that are regulated

in tandem by a lever system allowing adjustment of the opening

size. The hopper sits on a 30-in. (76.2 cm) high wooden collar

which bolts to the top of the cube so that the drop height of the

sand into the cube ranges from 9.5 ft (2.9 m) at the start of the

q filling operation to 2.5 ft (0.8 mn) at the conclusion. The volume
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held by the rainer is approximately 7 cu ft (0.2 m3 ) which results in

depositing a layer slightly more than i-in. (2.5 cm) thick for each

filling. For convenience, the bolt holes in the collar match those

around the perimeter of the top of the cube so that the collar can

easily be attached. The entire system is disassembled and stored

when not in use. The method for placing sand using the original

raining system and a modified version is discussed in Section 5.3.1.

A.8.3 Density Measurement of Sample

A special density device was constructed to measure

density of the sand sample during construction to evaluate its

uniformity while the cube was being filled. Three identical

containers were made of 0.25-in. (.64 cm) thick plexiglass. The

containers had an ID of 6 in. (15.2 cm) and a height of 3 in.

(7.6 cm), which resulted in a volume of 8.64 cu in. (0.05 cu ft

or 142 cu cm). The top edge of the cylinder was machined to an

angle of 45 degrees sloping out to minimize additional sand bouncing

into the container upon striking the container during the raining

process. Details on placement and results are in Section 5.3.1.

A.9 SUMMARY

The triaxial testing device was designed and built to

V hold a soil cube measuring 7 ft (2.1 m) on a side. Membranes were

purchased to place between the cube face and the soil to apply

pressure from the panel board to the soil. Apparatus for gene-

V rating, monitoring, and recording P- and S-waves were acquired as
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were stress and strain monitoring devices. Methods for raining

the sand into che cube and monitoring its density were devised.

With the cube and associated equipment complete, the sand was then

chosen,and the filling of the cube was begun.

II

!.
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APPENDIX B

TESTING PROGRAM AND PROCEDURES

Taken in Full from Kopperman et al (1982)

U:



333

APPENDIX B

TESTING PROGRAM AND PROCEDURES

B.1 INTRODUCTION

The initial testing program for the model cube consisted of

measurement of velocity and attenuation of compression and shear

waves through a dry sample of sand of medium density. The sample

was constructed in May and June, 1981, over a period of six weeks.

It was subsequently loaded with the following three pressure

sequences: first, a sequence using isotropic confinement; second,

a sequence using confinement with a constant mean effective principal

stress; and finally, a sequence using confinement with a varying

mean effective principal stress. The sequences of loading are

listed in Table B.1 and shown graphically with time in Fig. B.I.

B.1.1 Isotropic Confinement

Loading with a series of isotropic steps was initially

performed to determine the relationship between velocity and mean

effective principal stress, a0, as determined in the cube. These
01,

results were also used to: 1. compare with standard laboratory

resonant column tests run on the same sand, and 2. evaluate the

structural anisotropy of the sample.

[I
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TABLE B .1

Pressure Loading Sequences

Test Date of Effective Effective Mean Earth Pressure
No. Test Vertical Horizontal Effective Coefficients

(1981) Stress Stresses Principal 01 02

Month - - - Stress K - K
and av aNS -o 13 23

0 3 3
Day (psi) (psi) (psi) (psi)

(1) (2) (3) (4) (5) (6) (7) (8)

1. ISOTROPIC CONFINEMENT

1 7/8 10 10 10 10 1.00 1.00

2 7/9 20 20 20 20 1.00 1.00

3 7/14 40 40 40 40 1.00 1.00

4 7/14 20 20 20 20 1.00 1.00

5 7/14a 20 20 20 20 1.00 1.00

2. CONSTANT MEAN EFFECTIVE PRINCIPAL STRESS

5 7/21 22 19 19 20 1.16 1.00

6 7/21 24 18 18 20 1.33 1.00

7 7/21 26 17 17 20 1.53 1.00

8 7/22 28 16 16 20 1.75 1.00

9 7/22 30 15 15 20 2.00 1.00

10 7/22 32 14 14 20 2.29 1.00
11 7/23 28 16 16 20 1.75 1.00

12 7/23 24 18 18 20 1.33 1.00

13 7/23 20 20 20 20 1.00 1.00

14 7/23 22 20 18 20 1.22 1.10

15 7/23 24 18 18 20 1.33 1.00

16 7/24 26 18 16 20 1.63 1.12

17 7/24 26 20 14 20 1.86 1.43

18 7/24 28 18 14 20 2.00 1.28
19 7/24 30 16 14 20 2.14 1.14

w
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TABLE B.1

Pressure Loading Sequences
(Continued)

Test Date of Effective Effective Mean Earth Pressure
No. Test Vertical Horizontal Effective Coefficients

(1981) Stress Stresses Principal a1 (J2
Month - - - Stress K - K 2 3 -
and v NS EW o  KI3= 03 03

Day (psi) (psi) (psi) (psi)

(1) (2) (3) (4) (5) (6) (7) (8)

20 8/5 36 12 12 20 3.00 1.00

21 8/5 34 14 12 20 2.83 1.16

* 22 8/5 30 18 12 20 2.50 1.50

23 8/5 25 23 12 20 2.08 1.92

3. VARYING MEAN EFFECTIVE PRINCIPAL STRESS

24 8/6 15 15 15 15.0 1.00 1.00

25 8/6 20 15 15 16.7 1.33 1.00

26 8/6 25 15 15 18.3 1.67 1.00

27 8/6 30 15 15 20.0 2.00 1.00

28 8/6 35 15 15 21.7 2.33 1.00

29 8/6 40 15 15 23.3 2.67 1.00

30 8/6 40 20 20 26.7 2.00 1.00

31 8/7 40 25 25 30.0 1.60 1.00
U

32 8/7 40 30 30 33.3 1.33 1.00

33 8/7 40 35 35 36.7 1.14 1.00

34 8/7 40 40 40 40.0 1.00 1.00

35 8/7 40 35 35 36.7 1.14 1.00

36 8/7 40 30 30 33.3 1.33 1.00

37 8/10 40 25 25 30.0 1.60 1.00

38 8/10 40 20 20 26.7 2.00 1.00

39 8/10 40 15 15 23.3 2.67 1.00

40 8/10 35 15 15 21.7 2.33 1.00
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TABLE B.1

Pressure Loading Sequences
(Continued)

Test Date of Effective Effective Mean Earth Pressure
No. Test Vertical Horizontal Effective Coefficients

(1981) Stress Stresses Principal aI a2
Month - - - Stress K K
and v aNS 0EW a 1I3 a23 3o 3 03
Day (psi) (psi) (psi) (psi)

(1) (2) (3) (4) (5) (6) (7) (8)

41 8/10 30 15 15 20.0 2.00 1.00

42 8/10 25 15 15 18.3 1.67 1.00
43 8/11 20 15 15 16.7 1.33 1.00
44 8/11 15 15 15 15.0 1.00 1.00

45 8/11 40 15 15 23.3 2.67 1.00

46 8/11 40 20 15 25.0 2.67 1.33
47 8/11 40 25 15 26.7 2.67 1.67

48 8/11 t0 30 15 28.3 2.67 2.00
49 8/14 40 35 15 30.0 2.67 2.33
50 8/14 40 40 15 31.7 2.67 2.69

51 8/14 40 35 15 30.0 2.67 2.33
52 8/17 40 30 15 28.3 2.67 2.00
53 8/17 40 25 15 26.7 2.67 1.67

54 8/17 40 20 15 25.0 2.67 1.33

55 8/17 40 15 15 23.3 2.67 1.00

56 8/17 15 15 15 15.0 1.00 1.00
57 8/17 15 20 15 16.7 1.33 1.00

58 8/17 15 25 15 18.3 1.67 1.00
59 8/17 15 30 15 20.0 2.00 1.00

60 8/18 15 35 15 31.7 2.33 1.00

61 8/18 15 40 15 23.3 2.67 1.00

62 8/18 20 40 15 25.0 2.67 1.33
63 8/18 25 40 15 26.7 2.67 1.67

--
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TABLE B. 1

Pressure Loading Sequences
(Continued)

Test Date of Effective Effective Mean Earth Pressure
No. Test Vertical Horizontal Effective Coefficients

(1981) Stress Stresses Principal 1 2

Month - - * -** Stress K K23
CF a 5 " Ea - 13 - 23-

and a S EW a 3  a 3
Day (psi) (psi) (psi) (psi)

(1) (2) (3) (4) (5) (6) (7) (8)

64 8/18 30 40 15 28.3 2.67 2.00

65 8/19 35 40 15 20.0 2.67 2.33

* 66 8/19 40 40 15 31.7 2.67 2.67

67 8/19 20 20 20 20.0 1.00 1.00

68 8/19 10 10 10 10.0 1.00 1.00

0NS = effective principal stress along the north-south (horizontal)
axis of the cube

• **

aE = effective principal stress along the east-west (horizontal)
axis of the cube
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:.1.2 Confinement with Constant Mean Effective Principal Stress

The isotropic series was followed by a series of tests

with a constant a . These tests included both biaxial and triaxial
0

loadings. In the biaxial series, a lateral pressure coefficient,

K 13 was used to describe the tests as-
13'1

K = - (5.1)13 3
03

where: 01 = major effective principal stress, and

03 = minor effective principal stress.

In these tests, K1 3 was varied while u was kept constant at 20 psi
0

(138 kPa). In the triaxial series, a second earth pressure coefficient,

K23, was defined as:

23'
K = - (5.2)K23 -3

0Y3

where: a2 = intermediate effective principal stress.

The value of K2 3 varied in addition to variation of K3 The value of

00 was kept constant at 20 psi (138 kPa) through the triaxial0

series. The mean effective principal stress was kept constant to

* investigate the assumption by Hardin and Black (1966) that the

shear wave velocity and attenuation are a function only of c and,
0

therefore, should not vary if a does not vary.
0

The biaxial series involved slowly increasing the vertical

stress while decreasing the lateral stress. The value of (13

increased from 1.00 (isotropic) to 2.29, but the stress remained

safely below the shear failure envelope as shown in Fig. B.2.
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Fig. B.2 - Mohr-Coulomb Envelope for Biaxial
Confinement with Constant Mean Effective
Principal Stress
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The biaxial loading sequence was reversed, and readings were

repeated at several previous states of stress to determine if

a hysteretic effect existed.

Once the isotropic state of 20 psi (138 kPa) was again

achieved upon completion of the biaxial series, the triaxial

series of confinement with constant a was begun. The vertical

stress was increased, and the lateral stress was decreased to maintain

a constant a and also remain below the failure envelope as shown
0

in Fig. B.3. However, in the triaxial series, the intermediate

principal stress was not kept equal to the minor principal

stress, thereby permitting K2 3 to range from 1.00 to 1.90.

The limits of K23 are a minimum of 1.00 for isotropic loading and

biaxial loading where F2 equals a3P and a maximum equal to K13 for

biaxial loading where a2 equals a1. The constant uo sequence was

chosen to minimize pressure differences between steps with the

usual change being only 2 psi (14 kPa) in any direction.

B.1.3 Confinement with Varying Mean Effective Principal Stress

Originally, the first two series were going to complete

the initial testing of the sand sample. However, upon examination

of the initial results, it was decided to add a third pressure

series in which the mean effective principal stress was varied.

As a result, additional biaxial and triaxial testing was performed.

To start the series, the sample was lowered to an isotropic

pressure of 15 psi (103 kPa). A biaxial sequence was performed by

UJ
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KI3 = 3.0

K23 = 1.5
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2400
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Fig. B.3 - Mohr-Coulomb Envelope for a Typical Test
Under Triaxial Confinement
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increasing the vertical stress to 40 psi (276 kPa) in 5-psi (34 kPa) _

increments while maintaining constant horizontal stresses. In

this way, the effect on the compression and shear wave velocities

of varying only the major principal stress, a., could be studied.

The horizontal stresses were then increased to 40 psi (276 kPa)

in 5-psi (34 kPa) increments while keeping the vertical stress

constant at 40 psi (276 kPa). This sequence was performed to study

the effect of varying only the minor principal stress, a on

V and V
p s

At this point in testing, the cube was at an isotropic

confinement of 40 psi (276 kPa) which was also the maximum pressure

achieved at the end of the first isotropic confinement series.

The data gathered at this pressure was used together with other

such points when an isotropic confinement existed, to study the

effect of stress history on the wave velocity. To observe if

there was any hysteresis in the data from the biaxial tests, the

entire sequence was run again in reverse order: first, G3 was

lowered in 5-psi (34 kPa) increments to 15 psi (103 kPa) and then

a1 was lowered in 5-psi (34 kPa) increments to 15 psi (103 kPa).

The final test in this sequence was again at an isotropic

confinement of 15 psi (103 kPa).

To study the effect of the intermediate principal stress,

a., on compression and shear wave velocities, a triaxial sequence

was run. The pressure was set to a maximum biaxial load with the

vertical stress equal to 40 psi (276 kPa) and horizontal stresses
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equal to 15 psi (103 kPa). One of the horizontal stresses was -J

increased in 5-psi (34 kPa) increments to 40 psi (276 kPa) and then was

decreased back to 15 psi (103 kPa) in 5-psi (34 kPa) increments to

note any effect of hysteresis.

Structural anisotropy and its possible effect on the biaxial

and triaxial series was investigated by running a shortened series

of biaxial and triaxial tests. In this series the axes for stresses

were rotated with the major principal axis as north-south rather

than vertical and the intermediate principal axis as vertical

* rather than north-south.

B.2 TESTING PROCEDURES

Once the triaxial cube was constructed and all the asso-

ciated equipment was thoroughly checked, construction of the sand

sample was begun. First, the walls of the cube were cleaned, and

the membranes and greased sheets were attached. The sand was

then dried in the sun to a moisture content of less than one percent

and rained into the cube to form a sample of medium density. At

predetermined elevations, raining of the sand was stopped and
U

electronic equipment was placed in the sand. When the soil specimen

was completed, the top of the cube was securely fastened. The

sample was then loaded, compression and shear waves were generated,

and the accelerometer responses were recorded along all three

axes at each pressure. The following sections describe, in detail,

the work from sample construction through dynamic testing.

U
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11.2.1 Sample Construction

The first step in constructing the sample was to clean the

accumulated dust, oil and dirt from the inside of the cube and to

bolt the collar of the raining system (see Section A.8.2) to the

top. Next, the greased sheets and membranes were installed inside

the cube on the sides and bottom. The two rubber membranes which

were used to apply lateral loading were hung on the north and west

faces of the cube as shown in Fig. B.4. Rope was passed through the

grommets in the top of the membranes and then through the extra

bolt holes in the top of the cube which were not used to attach the

ccllar. The ropes were tied off to convenient anchors along the

outside of the cube and collar.

On the inside of the cube, two sheets of plastic were

placed on the bottom and on each of the four sides, including

placement over the membranes previously hung on two sides. The

sheets on the sides were held in place by pieces of duct tape.

(The tape, in addition to the ropes holding the membranes, was

removed before attaching the top of the cube.) Small openings were

W
cut in the plastic sheets as required for the three sources and five

holes through which electrical wires passed. The outer sheet of

each pair of sheets (which eventually touched the sand! was lifted
VI

by one person while another placed a thin layer of WD-10 oil on

the inner sheet with a paint roller as shown in Fig. 11.5. The

outer sheet was allowed to drop back in place and then 7as pressed

smooth with a clean, dry roller. This resulted in a syLtem of a
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Fig. B.4 -Rubber Membranes Being Attached to the
q North and West Faces of thie Cube
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a Fig. B.5 - Layer of Oil Being Applied to Plastic
Sheet on West Face of Cube
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thin layer of oil sandwiched between two plastic sheets having a

clean contact with the sand one one side and cube or membrane on

the other side. The purpose of the oil was to minimize friction

between the layers of plastic and, therefore, between the sand and

the walls of the cube so that little shearing stress could develop

at the sand-cube boundary. Uniform stresses across each side of the

sample could not have been achieved if shearing stresses developed

between the sand and cube walls (Section A.8.1).

The string-spring assembly (Section B.2.2) used to determine

elevation and levelness of the sand was placed at the 24-in.

(61 cm) level, the first level at which raining of the sand was

halted for placement of electronics.

The sand for these tests was supposed to be dry which for

this work was taken to be a moisture content of less than one

percent. However, the r.and had to be stored outdoors, exposed to

the weather, and was damp. The early summer in Austin is usually

sunny and dry with temperatures reaching above 90 degrees F.

Unfortunately, May and June of 1981 were unusually damp. Intermittent

U strong rains, averaging three nights per week, precluded storage

of dry sand for more than one day. Several methods of covering the

sand were tried in an attempt to keep rain water out of the sand,

but all were unsuccessful. Therefore, before placement in the cube,

the sand was spread in approximately one cubic yard (0.9 m 3 ) lots

to a thickness of one to two inches (2.5 to 5.0 cm) and dried in

the sun. An acceptable water content could be achieved in one-half

qI
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to three hours, depending upon the initial water content (directly

related to how recently the last rain was) and the daily humidity.

Figure B.6 shows the sand being dried. When dry, this sand was

placed in the cube while another layer was spread to dry.

After the sand dried in the sun, it was shoveled into a

3/4-cu yd (0.6 m 3) concrete bucket which had been moved by forklift

to the outdoor drying area. A screen with 0.25-in. (0.64 cm)

openings was placed over the top of the bucket before it was

filled so that foreign matter that may have found its way into the

outdoor storage pile would be removed. (Little foreign matter was

found in the sand.) Once the bucket was filled, it was moved by

forklift into the building where it was attached to the overhead

crane. The crane was used to lift the bucket over the cube so that

sand could be rained into the cube.

The initial method for raining sand into the cube was

as follows. About one third of the sand in the bucket was emptied

into the hopper to fill it. The hopper gate was then opened to

give the desired flow rate while the hopper was moved at a constant

* rate along the rails of the collar attached to the top of the cube.

When the hopper was empty, the gate was closed and the process was

repeated. Unfortunately, the force of the sand on the gates always

* forced them to open fully. Because of tfis problem, after one or

two us3es, the raining system was modified as described below.

After one bucket load of sand, it was decided to modify

V the raining system since the force of the sand caused the hopper

w]
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'04

q Fig. B.6 -Sand Being Air Dlried in outdoor storage Bin
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V to stay in its fully open position. Experimentation revealed that

the sand could be placed directly from the concrete bucket at the

same rate as through the open rainer, but without the set-up time

required to fill the hopper. Therefore, the approach was simply

to swing the bucket manually in the north-south direction while the

crane moved the bucket in the east-west direction. A 0.25-in.

(0.64 cm) wide (north-south) by 10 in. (25.4 cm) long (east-west)

rectangular curtain of sand dropped out of the bucket at an initial

angle of about 45 degrees causing it to disperse and rain quite

* evenly over the top surface of the sand in the cube. Since

considerable time could be saved using the bucket directly while

maintaining a seemingly uniform sample, the cube was filled

directly with the bucket.

The sand density was measured at four elevations in the

cube. At each meas rement elevation, raining of sand into cube was

%r halted, and the special density device described in Section A.7.3.

was placed on the current surface of the sand. Several different

horizontal locations were chosen as shown in Fig. B .7 so that the

density of samples from all sections of the cube could be compared.

Raining of the sand continued with the device in place until the

sand surface was just above the top of the device, and it was full.

The full containier was then removed, and the sand in the container

carefully transferred to a self-sealing (Ziplock) bag. The bags

were transported back to the main campus where they were weighed on

- -

U"
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a. Top View of Cube

• 76,1

50 ,,-50

42

24

b. Elevations Where Raining of
Sand was Halted for Density
Measurements

Fig. B.7 - Location of Density Measurements Taken V

During Filling of Cube

U-
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a Metier balance. The density was computed by dividing this weight

by the known volume of the density device.

The resulting densities and their locations within the

ucube together with the resulting void ratios are tabulated in

Table B.2. The average density is 96.6 pcf (1547 kg/m3 ), and the

standard deviation is only about two percent of this value, or

1.9 pcf (30 kg/m3 ). Therefore,the sample can be considered quite

uniform as deposited by the modified sand raining system.

B.2.2 Placement of Electronics

It is crucial that the exact distances between accelero-

meters in the cube be known for computation of wave travel times.

It is also important that the stress and strain cells be oriented

in the correct direction to eliminate cross interference. To

satisfy both requirements, a surveying system was developed. The

system consisted of small eyebolts attached at predetermined

elevations along the fins of the cube which surround each membrane

to prevent lateral expansion under load. Two string-spring

assemblies were hooked into sets of eyebolts in opposite corners

* to form an "x" across the middle of the cube. The springs maintained

tension in the string to minimize sagging at the center so that the

"x" was at a known elevation.

This "x" provided many useful functions. The center of

it was the center of the horizontal plane in the cube which was

directly over the source in the bottom. This center was used in

Km
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TABLE B.2

Densities and Void Ratios of Sand at

Various Elevations in the Cube

Height

Above the Location* Density Void Ratio**
Bottom e

in. pcf

(1) (2) (3) (4)

24 D 94.7 0.77

42 C 97.7 0.71
42 D 97.9 0.70
42 F 100.0 0.67

50 B 95.4 0.75
X 50 F 97.8 0.71

50 D 97.5 0.71

70 E 95.5 0.75
70 A 95.7 0.75

j 70 C 93.7 0.78

Average 96.6 0.73

Std. Deviation 1.9 0.03

See Fig. 5.7.

ywG s
** e 1 where G 2.68Y d s

W

Vi

V!
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horizontally locating the accelerometers. Also, the strings

formed a nearly level plane which was used to monitor filling of

the cube and to level the placement of accelerometers, stress

devices, and strain devices. Finally, since the "x" was at a

known elevation, the vertical distance from the level plane to any

item could be measured by use of a plumb-bob. In this manner, the

location of the accelerometers was determined. Each time an

accelerometer package was placed in the center of the cube, a

plumb-bob was hung from wooden rod inserted through the open, center

U bolt hole in the top of the north and south walls to verify the

horizontal distances.

Raining of the sand in the cube was halted five times to

allow placement of electronic devices at the following elevations

above the bottom: 24 in., 42 in., 50 in., 56 in., and 60 in.

(60.9, 106.7, 127.0, 142.2, and 152.4 cm). At the 24-in. (60.9 cm)

level, two pairs of horizontal strain sensors were placed along with

the first 3-D accelerometer package as seen in Fig. B.8 . The

second level, 42 in. (106.7 cm), represented the mid-height of the

U
sample. All three stress cells were placed at this level along

with five, 3-D accelerometer packages and the lower strain

sensor of the vertical 4-in. (10.3 cm) diameter pair as shown in

Fig. B.9. The second strain sensor of the 4-in. (0.3 cm) diameter

pair was the only item placed at the 50-in. (127.0 cm) level.

The lower 2-in. (5.1 cm) diameter vertical strain sensor was

placed along with the two, 2-in. (5.1 cm) diameter horizontal
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18 in. 18in.

(behind)

bhn) elev.

4 ______60 in.

____ "___ -56 in.
V I

50 in.
Fig. 5.9 -,42 in

(behind) 4 behind)

-- 24 in.

: I

0 in.

KEY: • Stress Cell

* 01- Strain Cell

Fig. B.8 - Location of Stress and Strain Measuring
Devices in Cube When Looking West Through

* The Cube
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Accelerometer

Strain Sensor

Stress Cell

I .RA°

Fig. B.9 - Horizontal Location of Stress and Strain
Measuring Devices at Mid-Height of Cube

q
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strain sensor and the final 3-D acceierometer package. The final

accelerometer-to-source distances are listed in Table B .3.

To place the electronic devines in the sample, the

raining of sand was stopped, and a person in a personnel cage was

lowered by crane into the cube. As shown in Fig. B. 10, the cage

has an open side to p-rmit hand placement of devices and measurement

of distances. There are rubber bumpers on the sides to prevent

damage to the interior of the cube, and the cage was never permitted

to touch the sand surface so that no disturbance of the sand occurred.

After completing placement of devices at a given level, the string-

spring assembly was moved to a higher level, the wires were passed

through holes in the wall of the cube, and raining was resumed.

The stress cells were positioned at mid-height of the

cube so that they did not interfere with generation or monitoring

of P- and S-waves. The cell used to monitor pressure in the

vertical direction was simply placed directly on the level sand

surface as shown in Figs. B.lla and B.12. The two cells used to

monitor horizontal stresses in the sand were oriented parallel to

U the vertical walls of the cube and were slightly embedded on their

side as shown in Figs. B.llb and B.13. The wires from the cells

were passed through three holes in the south and east walls as can

V be seen in Fig. B.14. Raining of the sand was continued until sand

covered .he cells. This placement method is essentially the same

as that described by Hadala (1967).
U
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TABLE B.3

Source-Accelerometer Distances Determined
After Placement

Source* Receiver Axis of Distance
Sensitivity (ft)

(1) (2) (3) (4)

1 1 Vertical 1.99
2 1 1.94
3 1 1.97
1 2 3.34
2 2 3.50
3 2 3.44
1 3 4.91
2 3 5.00

r 3 3 4.94

1 1 North-South 1.99
2 1 1.94
3 1 1.94
1 2 3.40
2 2 3.44
3 2 3.44
1 3 4.96
2 3 4.94
3 3 4.94

1 1 East-West 1.93
2 1 2.00
3 1 2.00
1 2 3.35
2 2 3.50
3 2 3.50
1 3 4.79
2 3 5.00
3 3 5.00

1 * 1 = Vertical, 2 = South, 3 =East..
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Fig. B.10 - Personnel Cage Used in Placement of
Electronics into Sand During Filling
Operation

L
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Pressure Cell
Electronic
Sensing Unit

6 in.
L0

Top View ' '

6 in.

Side View

a) Horizontal Orientation of Cell Monitoring Vertical
Stress

Side View

b) Vertical Orientation of Cells Monitoring Horizontal

Stress

Fig. B.II - Placement of Total Stress Cells When the Cube

Was Half Filled
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Fig. B.12 - Total Stress Cell for Vertical Stress
Measurement Placed on Sand Surface

*During Building of Sample
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U
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Fig. B.13 - Total Stress Cell for Horizontal Stress
Measurement Placed on Sand Surface
During Building of Sample
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Fig. B.14 Wires from Stress Cells Fed Through
East Wall of the Cube

w
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K . Hadala experimented with three methods of placing stress

cells in dry sand which was rained into a container. Although the

stress cells used by Hadala were of a slightly different construction,

i.e. different manufacturer and smaller size, the results of his

tests can be applied to the stress cells used in the cube. Hadala

found the best method for placement in dry sand to be setting of the

gage directly on the sand surface and continuation of the filling

around it. This method resulted in smaller scatter in measured

pressures and a lower, mean over-registration ratio, R, where R is

* defined as:

n a.

R = 1 1 __L(B.3)
n i=l

where n = number of gages,

a. = stress reading of gage n, and1

a = actual stress on gage n.

IWI The typical value of R in his experiments was about 22 percent for

the placement method described above. Larger values, up to 40

percent, were found for tamping the stress cell into the sand and

the raised-mound method. The raised-mound method involves excavating

sand, placing the stress cell and replacing and tamping the excavated

sand over the cell.

Each pair of strain sensors had to be oriented with respect

to each other so that certain surfaces of the disks faced

each other. Unfortunately, this orientation could only be determined

by connecting the cells to the control unit. The control unit was

wI

________
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not available until the middle of testing because of a problem with

the needle of the meter on the unit which stuck whenever it was

deflected full-scale to the left. The manufacturer, Bison, Inc.,

took approximately six months to correct this minor problem.

Rather than delay the tests, it was decided to place three sensors,

rather than two, at each horizontal location in the cube. This

method doubled the chances of having one operational pair at each

location. When the control unit finally arrived back in working

order (it was first returned, unfixed, in four months), it was found

that four pairs of the six sets were operational.

Each sensor has a small hole in the center to aid in

placement in the sand. For horizontal strain measurement, three

sensors were placed on an alignment rod at a spacing of twice the

sensor diameter as shown in Fig. B.15a. The assembly was then set

on the sand with the rod parallel to the level surface and pointing

along the axis to be measured. Sand raining was then continued

until the bottom of the rod was just at the sand surface. The rod

was removed at this point because the sand could support the sensors

for the remainder of the filling operation as shown in Fig. B .16. 4
For vertical strain measurement, a sensor was placed on

its face on the level sand surface as shown in Fig. B.15b after

the raining was stopped. An alignment rod was placed in the hole

of the sensor perpendicular to the sand surface. Raining of the

sand was continued until the sand level reached the mark on the rod
3i

indicating a distance of two diameters. The second sensor was

V
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initial placement

removal of alignment roil

I complete

a) Horizontal Placement

..... .-..

first sensor second sensor complete

b) Vertical Placement

Fig. P.15 - Placement of Strain Sensors When the
Cube was Partially Filled

qL
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i4

Fig. B.16 - Horizontal. Strain Sensors Placed in the
Sand During the Building of the Sample
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Kinserted onto the alignment rod so that it was over the first

sensor at a predetermined separation. The rod was then carefully

removed, and sand was poured into the resulting hole. Raining was then

continued. This method was similar to that described by Wetzel

and Vey (1970).

The wires from all the sensors were fed through either of

two holes in the east face of the cube. The holes were sealed with

rubber, watertight sealant before the sand covered them.

In both horizontal and vertical strain gage placement,

U lateral and rotational misalignment must be avoided. Truesdale

and Schwab (1967) found that errors in strain measurements will occur

if the sensors are displaced laterally more than ten percent of the

spacing between sensors or if the sensors are rotated greater than

ten degrees off of the axis between the pair. The use of the align-

ment rod minimizes these problems.

While sand was being placed in the cube, the side membranes

were being filled with water. The object was to keep the water

elevation approximately one in. (2.5 cm) above the sand elevation

to ensure that the membrane did not pinch together, closing off

a portion of the membrane. If this pinching occurred, pressure

might not be uniform over the face of the sand cube which would cause

an unknown stress distribution within the sample.

The height of water in the membranes was kept at a maximum

of 3 in. (7.5 cm) above the sand surface to prevent any localized

passive failure of the top edge of the sand. Water was added
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-v.. through the air-water panel board to the lower ports of the membranes -

while the upper ports were open to allow air to escape. When the

water elevation reached the top port, a quick-connect was attached

to the port and a simple piezometer tube was attached to monitor

the final few inches of filling.

Filling of the cube was stopped one in. (2.5 cm) below

the top to allow room for the top membrane. The rope supporting

the side membranes was removed as was the duct tape supporting the

greased sheets. The wooden collar was removed, and the sand surface

g leveled as shown in Fig. B.17. A precut sheet of plastic was

laid over the top surface and WD-40 oil applied in a thin coat.

A second plastic sheet was then placed on top of the oiled sheet

after which the top (final) membrane was placed. The steel top

was attached and securely bolted. The top membrane was filled with

water to fill the void between the top of the sand and the top of the

cube. Pressure within the membrane was monitored to ensure that

the sand was not subjected to any loading.

The cube and surrounding area was thoroughly cleaned and

testing was commenced.

B.2.3 Loading the Soil

Each membrane was connected to a separate pressure outlet

in the panel board (Fig. 3.12) so that the stress along each axis

could be individually controlled and monitored. The sample was

loaded and tested along each step of the series listed in Table B.I.
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Fig. B.17 -Sand Surface upon Completion of
Building of the Sample
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To ensure that the stress path initially followed isotropic loading

and later maintained a constant mean effective principal stress,

the pressure was varied by less than 0.5-psi (3 kPa) increments in a

linear progression between pressure steps. This was accomplished

by pressurizing all three axes at once and monitoring the rate of

change in pressure and adjusting the settings as required.

The stresses and strains at each sub-step were measured on

the stress cells and strain sensors to monitor the stress level in

the cube and verify the magnitude of the strains as discussed in

Section B.3.4. The change in volume of the membranes (amount of

water flowing into or out of the membranes) was also monitored.

The cube was loaded so that the planned state of stress

V occurred at the center of the cube. Therefore, the effects of

overbrden pressure, hydraulic gradient, and differing piezometric

elevations between the membranes and the pressure panel board had to

be taken into account when reading the gage at the panel board.

The necessary corrections can be expressed in terms of the following

equations:

S

Vertical Correction: P = P - 2.4 + -O.036h (B.4)
G C

Horizontal Correction: PG = PC - 1.5 4- 0.036h (B.5)

where: PG = reading on pressure gage at panel board, in psi,

PC = pressure at center of cube, in psi, and

h = difference in elevation between top of cube and

air/water interface at panel board, in iiches.
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The difference in elevation between the top of the cube and

the air-water interface at the panel board, h, is not constant.

As the soil compacts or dilates, the column of water falls or rises,

Mrespectively. However the change in elevation of one in. (2.5 cm)

results in less than a 0.04 psi (0.25 kPa) change in pressure, or a

change of the entire 18-in. (45.7 cm) high accumulator on the panel board

results in only a 0.6 psi (4.4 kPa) change in pressure. Therefore,

the pressure can be considered constant using a constant value for

h and maintaining the water level at an approximately constant level.

B.2.4 Problems in Use of Stress and Strain Measuring Devices

Problems arose in attempting to use the stress and strain

devices which significantly reduced their usefulness. The problem

with the strain sensors was not in the device itself, but rather

with the manufacturer. As mentioned in Section B.2.2, the control

unit for the sensors originally arrived from Bison, Inc. in disrepair.

The unit was returned for repair with the understanding that

the delay would be short. The unit was returned four months later

when the cube was about to be filled, and no repairs had been made.
W

It was again sent to the manufacturer, and two months later the unit

was returned in time to record data for the second half of the

W testing only.

The available data from the strain gages are plotted

against pressure in Fig. B.18 for the three axes. A strain of

0.1 percent was arbitrarily chosen for the strain up to the loading -A
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of 15 psi (103 kPa) when the strain gages began to operate. From

this limited data, the stress-strain properties cannot be predicted

because of the scatter and lack of data points. The loading,

however, may be considered small-strain loading because the maximum

strain is about 0.3 percent over the range in pressures measured.

A rough estimate of strain with respect to change in

stress was made by monitoring the number of times the accumulator

had to be filled or drained because of water flowing into or out of

the membranes during loading. This volumetric strain along each

axis is shown in Fig. B.19. The large initial strain is believed to

have been caused by seating of the membranes in the cube. Any

voids between the membranes and face of the cube and in the

corners of the cube had to be filled before the membrane could

exert pressure on the sand. After the initial seating, the

stress-strain relationship is fairly linear with no evidence of

stress history. The actual strains are probably less than the

volumetric strain because of the unmeasurable compliance in the

loading system. The values of the elastic modulus, E, derived from

the slopes of the curves are 18,000 psi (124,000 kPa), vertical, and

16,000 psi (110,000 kPa), north.--outh and east-west.

The stress cells were supposed to be calibrated so that a

digital pressure readout was possible. Hadala (1967) discussed

the inherent errors associated with stress cells in cohesionless

soil. The major problem occurs from sand arching around the cell.

Proper placement of the cell can minimize this problem (Section B .2.2), A
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• Fig. B.19 - Stress-Strain Curves for Each Axis of
the Cube Based on Water Flowing Into and

Out of Membranes
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but even the best placement method results in an average range of

22 percent over- or under-reading. A minor error inherent to the

type of stress cell used in these tests was that the soil pressure

caused a comparable oil pressure which deflects a strain gage in

the unit. Problems may arise from the slight compressibility of the

soil and possible small non-linearity of the strain gage.

Figure B.20 shows the stress applied by the loading system

versus the stress read by the stress cell along each axis. Within

some scatter, the variation is linear, but not a direct correspon-

* dence. Therefore, if the cells are to be used in the future,

calibration curves can and must be made for each cell in the

laboratory before placement in the soil.

B.2.5 Dynamic Testing

Nine sets of waveforms were recorded at each state of

stress since a compression wave and two, mutually perpendicular

shear waves were generated along each axis. Each set of three

waveforms results from the output simultaneously recorded from the

three accelerometers positioned along the direction of wave

propagation and oriented in the direction of particle motion. For

example, a compression wave generated at the east source would be

recorded on the horizontal accelerometers sensitive in the east-

west direction in the three, 3-D accelerometer packages lying along

the east-west axis of the cube. (Operation of the accelerometers

is discussed in Section B.5.1.)
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[P I Each set of waveforms was generated by striking the anvil

of a source on the cube with a hammer. The mechanical action

generated a wave through the sand. The direction of the impulse of

the hammer determined the direction of the particle motion, and

therefore the type of wave. As the hammer struck the source, the

two digital oscilloscopes were Plectrically triggered, starting the

recording of the waveforms. Full details of the operation of the

trigger and source can be found in Section A.3.

The waves were recorded on the magnetic storage diskettes

of a pair of two-channel oscilloscopes with the output from the

middle accelerometer recorded on both oscilloscopes as a reference.

Appendices C to E show typical sets of S-wave traces along with

their data reduction. Data reduction is discussed in Chapter 6.

B.3 SUMMARY AND CONCLUSIONS

A testing program was selcted which permitted testing

with: 1. isotropic confinement, 2. confinement with a constant

mean effective principal stress, and 3. confinement with a varying

W mean effective principal stress. The sand was tested in a dry

state and therefore could be placed in the cube by a raining

technique discussed in the chapter. Raining was halted at pre-

* determined elevations to allow for placement of accelerometers,

stress cells, and strain sensors, and to permit determination of

density. The density tests showed the sample to be quite uniform

* with an average density of 96.6 pcf (1547 kg/m3). Because of



U

380

problems discussed in the chapter, the stress and strain cells

were not used to their full potential. Rather, they could only give

an estimation of what was occurring in the cube when subjected to

load.

Dynamic testing began on July 8, 1981, and was completed

on August 19, 1981. The method of analyzing the data is discussed

in Chapter 6, and the results of the testing are discussed in

Chapters 6 through 8.
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APPENDIX C

SET OF RECORDED WAVEFORMS, DATA INPUT,

AND COMPUTER OUTPUT FOR A REPRESENTATIVE

ISOTROPIC TEST (Wave Reversals are Included)

tt

'1
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Full Scale
Sensitivity

Receiver 1 ± 4000 mV

Receiver 2 ±2000 mV

Disk ITrack Number: 4-7/5
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2t200m

Receiver 3 ± 1000 my

Disk /Track Number: 4-8/5
Record Length: 10.1 msec.

TEST NUMBER: 13
DIRECTION OF WAVE PPOPAGATION: Top-Bottom PRESSURE ALONG AXIS: 20 psi

*DIRECTION4 OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 20 psi

Fig. (,.I - Accelecrometer Records of S -BNSWavL: for

Samnpl~e sotropic Data [IS
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p ' Full Scale
Sensitivity

Receiver 1 ±3000 mV

Receiver 2 ±1500 mV

Disk / Track Number: 4-7/4

Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ± 1500 mV

Receiver 3 * 750 mV

U

Disk / Track Number: 4-8/4

Record Length: 10.1 msec.

TEST NUMBER: 13

DIRECTION OF WAVE PROPAGATION: Top-Bottom PRESSURE ALONG AXIS: 20 psi

DIRECTION OF PARTICLE MOTION: East-West PRESSURE ALONG AXIS: 20 psi

Fig. C.2 - Accelerometer Records of S TB/Ew-Wave for

Sample Isotropic Data

U
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Full Scale

Sensitivity

Receiver 1 ±2000 mV

Receiver 2 ±1000 mV

Disk ITrack Number: 4-7/3

lS Record Length: 1-0.1 msec.

Full Scale
Sensitivity

Receiver 2100m

Receiver 3 ± 300 mv

61---

Disk ITrack Number: 4-8/3

Record Length: 10.1 msec.

TEST NUMBER: 13
DIRECTION OF WAVE PROPAGATION: North-South PRESSURE ALONG AXIS: 20 psi

DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 20 psi

Fig. CA3 - Accelerometer Records of S NST-Wave for

Sample Isotropic Data NST
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Full Scale

Sensitivity

Receiver 1 ± 2500 mV

Receiver 2 _ 800 mV

Disk / Track Number: 4-7/1

Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 + 800 mV

LReceiver 3 ±400 mv

Disk / Track Number: 4-8/1

Record Length: 10.1 msec.

TEST NUMBER: 13
DIRECTION OF WAVE PROPAGATION: North-South PRESSURE ALONG AXIS: 20 psi

DIRECTION OF PARTICLE MOTION: Fast-West PRESSURE ALONG AXIS: 20 psi

Fig. C.4 - Accelerometer Records of S NS/EW-Wave for I
Sample Isotropic Data N

Ut

TI

w1
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", Full Scale
Sensitivity

Receiver 1 ± 2000 mV

Receiver 2 t 1000 mV

Disk / Track Number: 4-5/8
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 1 1000 mV

Receiver 3 ± 400 mV

UM

Disk / Track Number: 4-6/8
Record Length: 10.1 msec.

TEST NUMBER: 13
DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 20 psi

DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 20 psi

Fig. C.5 - Ac'elerometer Records of S -Wave for

Sample Tsotropic Data 
EW/TB

q~-1

U
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Full Scale

Sensitivity

Receiver I ± 2000 mV

Receiver 2 ± 1000 my

Disk / Track Number: 4-5/7

Record Length: 10.1 asec.

Full Scale
Sensitivity

Receiver? ± i000 mV

1wReceiver 3 ±400 mV

Disk/ Track Number: 4-6/7

Record Length: 10.1 tsec.

TEST NUMBER: 13

DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 20 psi

DIRECTION OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 20 psi

S

Fig. C.6 Accelerometer Records of S -Wave for

Sample Isotropic Data

Si

Sq

-.--.------ ~
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Sample Isotropic Data
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Fig. C.8 (Continued) -Computer Output of All Shear I.ave
* Types for Sample isotropic Data
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APPENDIX D

SET OF RECORDED WAVEFORMS, DATA INPUT,

AND COMPUTER OUTPUT FOR A REPRESENTATIVE

BIAXIAL TEST (Wave Reversals are Included)
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Full Scale
Sensitivity

Receiver 1 t 2000 mV

Receiver 2 t 1000 my

Disk ITrack Number: 9-3/5
Record Length: 10.2 msec.

Full Scale
Sensitivity

Receiver 2 ±1000 mv

Receiver 3 ±400 mV

Disk /Track Number: 9-4/5
Record Length: 10.2 msec.

TEST NUMBER: 33

DIRECTION OF WAVE PROPAGATION: rop-Bottoni PRESSURE ALONG AXIS: 40 psi

w DIRECTION OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 35 psi

Fig. D.l - Accelerometer Records of S IBN-Wave or

Sample Biaxial. Data
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Full Scale
Sensitivity

Receiver 1 ± 2000 mV

Receiver 2 ±1000 mV

Disk / Track Number: 9-3/4
Record Length:l0.2 msec.

Full Scale
Sensitivity

Receiver 2100m

Receiver 3 ±400 mV

Disk / Track Number: 9-4/4
Record Length: 10.2 msec.

TEST NUMBER: 33
DIRECTION OF WAVE PROPAGATION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

DIRECTION OF PARTICLE MOTION: East-West PRESSURE ALONG AXIS: 35 psi

Fig. D.2 - Accelerometer Records of S /EW-Wave

for Sample Biaxial Data

Ii
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Full Scale
Sensitivity

Receiver I ± 1600 mV

Receiver 2 ± 800 mV

-- d

Disk / Track Number: 9-3/3
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ± 800 mV

Receiver 3 ± 400 mV

Disk / Track Number: 9-4/3
Record Length: 10.1 msec.

TEST NUMBER: 33

DIRECTION OF WAVE PROPAGATION: North-South PRESSURE ALONG AXIS: 35 psi

DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

-

Fig. D.3 - Accelerometer Records of S ,,T-Wave for

Sample Biaxial Data

w
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Full Scale
Sensitivity

Receiver 1 ± 800 mV

Receiver 2 ± 300 mV

Disk / Track Number: 9-3/1
Record Length: 10.1 maec.

U

Full Scale
Sensitivity

Receiver 2 + 300 mV

Receiver 3 ± 150 mV

Disk / Track Number: 9-4/1
Record Length: 10.1 msec.

TEST NUMER: 33
DIRECTION OF WAVE PROPAGATION: North-South PRESSURE ALONG AXIS: 35 psi

* DIRECTION OF PARTICLE MOTION: East-West PRESSURE ALONG AXIS: 35 psi

Fig. D.4 - Accelerometer Records of S NS/EW-Wave for
Sample Biaxial Data

V

U
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Full Scale
Sensitivity

Receiver I ± 800 mV

Receiver 2 ± 400 mV

Disk / T-ack Number: 9-1/8

Record Length: 10.1msec.

Full Scale
Sensitivity

Receiver 2 ± 400 mI

Receiver 3 ± 200 mV

Disk / Track Number: 9-2/8
Record Length: 10.1 msec.

TEST NUMBER: 33
DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 35 psi

DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

Fig. D.5 - Accelerometer Records of S EW/B-Wave for

Sample Biaxial Data
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Full Scale

Sensitivity

Receiver 1 ±2000 mV

Receiver 2 ± 800 mV

Disk / Track Number: 9-1/7
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ± 800 mV

Receiver 3 ±400 mV

Disk / Track Number: 9-2/7

Record Length: 10.1 msec.

TEST NUMBER: 33
DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 35 psi

DIRECTION OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 35 psi

Fig. D.6 - Accelerometer Records of S -Wave for

Sample Biaxial Data 
EW/NS
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APPENDIX E

SET OF RECORDED WAVEFORMS, DATA INPUT,

AND COMPUTER OUTPUT FOR A REPRESENTATIVE

TRIAXIAL TEST (Wave Reversals are Included)

V1

U
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Full Scale
Sensitivity

IReceiver 1 ±3200 mV

Receiver 2 ± 1600 mV

Disk / Track Number: 13-5/2

S Record Length: 10.1 msec.

Full Scale

Sensitivity

Receiver 2 ± 1600 mV

Receiver 3 ± 800 mV

0p

Disk / Track Number: 13-6/2

Record Length: 10.1 msec.

TEST NUMBER: 52

DIRECTION OF WAVE PROPAGATION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

DIRECTION OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 30 psi

Fig. E.1 - Accelerometer Records of S TB/Ns-Wave for

Sample Triaxial Data

w
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* I Full Scale

Receiver 1 ± 3200 mV

Receiver 2 ±1.600 3iV

Disk / Track Number: 13-5/3
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ±1600 mV

Receiver 3 ±800 mV

Disk / Track Number: 13-6/3
Record Length: 10.1 msec.

TEST NUMBER: 52
DIRECTION OF WAVE PROPAGATION: Top-Bottom PRESSURE ALONG AXIS: 40 psi
DIRECTION OF PARTICLE MOTION: East-West PRESSURE ALONG AXIS: 15 psi

Fig. E.2 - Accelerometer Records of S TB/Ew-Wave for

Sample Triaxial Data T W

qV

wI
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Y Full Scale
Sensitivity

Receiver I ± 4000 mV

Receiver 2 ± 2000 mV

Disk / Track Number: 13-5/4

Record Length: 10.1 msec.
U

Full Scale
Sensitivity

Receiver 2 A± 2000 mV

Receiver 3 ±1000 mV

Disk / Track Number: 13-6/4

Record Length: 10.1 msec.

TEST NUMBER: 52

DIRECTION OF WAVE PROPAGATION: North-South PRESSURE ALONG AXIS: 30 psi

DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

Fig. E.3 - Accelerometer Records of S NS/TB-Wave for

Sample Triaxial Data

w
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Full Scale
Sensitivity

Receiver I ± 5000 mV

Receiver 2 ± 2500 mV

Disk / Track Number: 13-5/6

Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ± 2500 mV

Receiver 3 ± 1000 mV

Disk / Track Number: 13-6/6

Record Length: 10.1 msec.

TEST NUMBER: 52 N
DIRECTION OF WAVE PROPAGATION: North-South PRESSURE AONG AIS: 30 psi

w DIRECTION OF PARTICLE MOTION: East-West PRESSURE ALONG AXIS: 15 psi

Fig. E.4 - Accelerometer Records of S -Wave for

Sample Triaxial Data

w
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Full Scale
Sensitivity

Receiver 1 ± 2000 mV

Receiver 2 ± 1000 mV

Disk / Track Number: 13-5/7
Record Length: 10.1 msec.

Full Scale
Sensitivity

Receiver 2 ± 1000 mV

Receiver 3± 400 mV

Disk / Track Number: 13-6/7
Record Length: 10.1 msec.

TEST NUMBER: 52
DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 15 psi

* DIRECTION OF PARTICLE MOTION: Top-Bottom PRESSURE ALONG AXIS: 40 psi

Fig. E.5 - Accelerometer Records of S EW/TB-Wave for
Sample Triaxial Data

w
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Full Scale
Sensitivity

Receiver I 1500 mV

Receiver 2 1 1000 mV

Disk / Track Number: 13-5/8

Record Length: 10.1 msec.
I

Full Scale
Sensitivity

Receiver 2 1000 mV

Receiver 3 500 mV

Disk / Track Number: 13-6/8

Record Length: i0.imsec.

TEST NUMBER: 52
DIRECTION OF WAVE PROPAGATION: East-West PRESSURE ALONG AXIS: 15 psi

DIRECTION OF PARTICLE MOTION: North-South PRESSURE ALONG AXIS: 30 psi

Fig. E.6 - Accelerometer Records of S -Wave for

Sample Triaxial Data 
EW/NS

q 
_
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o the cube. Dry sand was placed in the cube for this initial testing program.

Shear waves were propagated along the principal axes of the cube over the
pressure range from 10 to 40 psi (68.9 to 276 kPa). Shear wave particle motion
was monitored by three-dimensional accelerometers embedded in the sand. Stress

1.. cells and strain sensors were also embedded in the sand mass to examine stress-
strain properties of the sand for the applied loading. All wave testing was
performed at low-amplitude strains and at wave frequencies less than 2400 Hz.
Therefore, it was assumed that the shear modulus was rate independent in this
st udy.

I Based on the results of this study, shear wave velocity was found to
depend about equally on the principal stresses in the direction of wave pro-
pagation and particle motion and was determined to be relatively independent
of the principal stress in the out-of-plane direction (the direction in which
!1o shear wave particle motion occurs). As a result, the typical procedure of
relating shear wave velocity to the mean effective principal stress is not
orrect, since the mean effective stress involves-all three of the principal
-tresses. Stress history was found to have not significant effect on shear

. w*ave velocity for this sand. Structural anisotropy was found to cause up to
.11n 18 percent variation in shear wave velocity, with velocities apparently

grouped according to planes of motion, the plane determined by the direction
-t wave propagation and particle motion.
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